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I n t r o d u c t i o n  

The m i n e r a l  compos i t i on  o f  c o a l  i s  t he  r e s u l t  o f  p h y s i c a l ,  chemical  and 
b i o l o g i c a l  processes a c t i n g  on the  system f r o m  the t ime  o f  pea t  accumu la t i on ,  
through b u r i a l  and subsequent i nc rease  i n  r a n k ,  t o  the  p r e s e n t .  W i t h  r e s p e c t  t o  
o r i g i n ,  i n o r g a n i c  c o n s t i t u e n t s  may be c l a s s i f i e d  as: i n h e r e n t  ( b e i n g  d e r i v e d  
f rom i n o r g a n i c  components w i t h i n  the p e a t - f o r m i n g  p l a n t s )  o r  a d v e n t i t i o u s  ( b e i n g  
d e r i v e d  f rom o u t s i d e  the pea t  swamp and f o r m i n g  e i t h e r  d u r i n g  o r  a f t e r  peat  
accumulat ion) ;  and d e t r i t a l  ( t h o s e  t r a n s p o r t e d  i n t o  t h e  p e a t  swamp) o r  
a u t h i g e n i c  ( t h o s e  fo rmed  w i t h i n  t h e  env i ronmen t ) .  Mackowsky ( 1 )  f u r t h e r  
d i f f e r e n t i a t e s  between syngene t i c  m i n e r a l s ,  formed d u r i n g  the  accumu la t i on  o f  
p e a t ,  and e p i g e n e t i c  m i n e r a l s ,  which formed l a t e r .  
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I n  r e c e n t  y e a r s  c o n s i d e r a b l e  c o n t r o v e r s y  has surrounded the o r i g i n  of 
m i n e r a l s  i n  c o a l :  t he  q u e s t i o n  i s  whether  most o f  these m a t e r i a l s  a re  d e r i v e d  
from i n o r g a n i c  subs tances  o r i g i n a l l y  c o n t a i n e d  w i t h i n  pea t - fo rm ing  p l a n t s  
( i n h e r e n t ) ,  o r  f r o m  sources  o u t s i d e  the pea t  swamp ( d e t r i t a l ) .  

S t u d i e s  of modern pea t - fo rm ing  env i ronmen ts  have emphasized t h e  impor tance 
o f  d e t r i t a l  i n f l u x  (2,3), syngene t i c  f o r m a t i o n  o f  p y r i t e  ( 4 )  and b i o g e n i c  s i l i c a  
( 2 , 5 ) ,  and i n - s i t u  m i x i n g  w i t h  u n d e r l y i n g  sediments (2,6) t o  account  f o r  m i n e r a l  
c o n s t i t u e n t s  i n  c o a l .  W i t h i n  the peat  env i ronment  c e r t a i n  u n s t a b l e  d e t r i t a l  
c l a y s  may undergo a l t e r a t i o n  o r  d i s s o l u t i o n  (3,7); o t h e r  c l a y s ,  such as  
k a o l i n i t e ,  may f o r m  a u t h i g e n i c a l l y ;  and b i o g e n i c  s i l i c a  d i s s o l v e s ,  p o s s i b l r  
c o n t r i b u t i n g  t o  l a t e r  a u t h i g e n i c  m i n e r a l i z a t i o n  (3,s). I n  c o a l s ,  a u t h i g e n i c  
k a o l i n i t e  f o r m a t i o n  a l o n g  c l e a t s  i s  common ( 8 , 9 ) .  Clays  may a l s o  fo rm by 
a l t e r a t i o n  o f  v o l c a n i c a l l y - d e r i v e d  m a t e r i a l  (10). Opposing the  concept  o f  a 
ma jo r  d e t r i t a l  i n p u t ,  C e c i l  and h i s  co-workers (11,12) c o n s i d e r  the  ma jo r  source 
o f  ash components t o  be the  i n o r g a n i c  f r a c t i o n  o f  p e a t - f o r m i n g  p l a n t s ,  and t o t a l  
m i n e r a l  c o n t e n t  t o  be a f u n c t i o n  o f  t he  degree o f  p e a t  deg rada t ion .  

Wh i le  t h i s  c o n t r o v e r s y  s t i l l  l i n g e r s ,  i t s  appears t h a t  s e v e r a l  o r i g i n s  are 
p o s s i b l e  f o r  m i n e r a l s  i n  p e a t  and c o a l ,  i n c l u d i n g  d e t r i t a l  i n f l u x ,  b i o g e n i c  
i n p u t ,  and p r e c i p i t a t i o n  e i t h e r  d u r i n g  o r  a f t e r  pea t  accumu la t i on ,  i n c l u d i n g  
some c o n t r i b u t i o n  f rom i n o r g a n i c  substances d e r i v e d  f r o m  p l a n t s .  V a r i o u s  
s t u d i e s  have a t tempted  t o  r e l a t e  i n o r g a n i c  compos i t i on  t o  c o n d i t i o n s  e x i s t i n g  a t  
t he  t i m e  o f  pea t  accumu la t i on .  P y r i t e  has f r e q u e n t l y  been a s s o c i a t e d  w i t h  
mar ine  and b r a c k i s h  p e a t s  (4,13), and t h e  p y r i t e  c o n t e n t  o f  coa l  has  been 
r e l a t e d  t o  r o o f  1 i t h o l o g y  (14,lS). C l a y  assemblages o f  c o a l s  and u n d e r c l a r s  
a l s o  have been r e l a t e d  t o  d e p o s i t i o n a l  env i ronment  ( 9 , 1 6 ) .  

The purpose o f  t h i s  paper  i s  t o  d e c r i b e  v a r i a b i l i t y  i n  the  i n o r g a n i c  
c o n t e n t  o f  a s i n g l e  c o a l  and at tempt  t o  e x p l a i n  the  d i s t r i b u t i o n  o f  m i n e r a l s  i n  
a framework o f  d e p o s i t i o n a l  env i ronmen ts .  I n  wes te rn  Pennsy lvan ia ,  t h e  Lower 
K i t t a n n i n g  seam p r o v i d e s  an o p p o r t u n i t y  t o  s tudy  c o a l  t h a t  was i n f l u e n c e d  b y  
f reshwa te r ,  b r a c k i s h  and mar ine  c o n d i t i o n s ,  as i n d i c a t e d  b y  a p r e v i o u s  s t u d y  o f  
t he  o v e r l y i n g  s h a l e  (17). Severa l  g e o l o g i c  c o n t r o l s  are though t  t o  have 
i n f l u e n c e d  d e p o s i t i o n  d u r i n g  t h i s  t ime:  d i f f e r e n t i a l  subs idence r e s u l t e d  i n  a 
t h i c k e n i n g  o f  sediments (and  c o a l )  towards the c e n t e r  o f  t he  b a s i n ;  a basement 
h i g h  t o  the n o r t h  o f  t he  f i e l d  a rea  may have s u p p l i e d  c l a s t i c  m a t e r i a l ,  add ing  
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t o  a p redominant ly  e a s t e r n  sediment source ;  and a c t i v e  f o l d s  and v a r i a t i o n s  i n  
pa leotopography may have a l s o  i n f l u e n c e d  sed imenta t ion  p a t t e r n s  118).  

v 
Sampl i n 9  and Methods 

F o r t y - t h r e e  channel  samples o f  the Pennsylvanian-aged Lower K i  t t a n n i n g  coal  
( K i t t a n n i n g  Format ion ,  A l l e g h e n y  Group) were c o l l e c t e d  i n  western Pennsylvania.  
Samples a r e  r e p r e s e n t a t i v e  o f  a l l  th ree  suggested d e p o s i t i o n a l  env i ronments 
( F i g u r e  1) and a l s o  o f  t h e  inc rease i n  r a n k  from h i g h  v o l a t i l e  b i t u m i n o u s  i n  the  
west  t o  low v o l a t i l e  b i t u m i n o u s  i n  the  s o u t h e a s t .  Analyses i n c l u d e d  major  and 
minor  elements,  t o t a l  s u l f u r  and s u l f u r  forms, and low-temperature ash ing .  
LTA’s w e r e  o b t a i n e d  a c c o r d i n g  t o  s tandard  procedures  ( 1 9 ) .  X-ray d i f f r a c t i o n  
a n a l y s i s  o f  LTA’s p r o v i d e d  q u a l i t a t i v e ,  q u a n t i t a t i v e  ( f o r  q u a r t z  and p y r i t e ) ,  
and s e m i - q u a n t i t a t i v e  ( f o r  c l a y s  i n  the  < 2 ym f r a c t i o n )  da ta  u s i n g  procedures 
m o d i f i e d  f rom R u s s e l l  and R i m m e r  ( 2 0 ) .  K a o l i n i t e  was q u a n t i t i f i e d  u s i n g  
i n f r a - r e d  spec t roscopy .  M i n e r a l  compos i t ion  was a l s o  c a l c u l a t e d  by normat ive 
techn iques  m o d i f i e d  from P o l l a c k  (21)  and Given et a_l.q ( 2 2 ) .  

R e s u l t s  and D i s c u s s i o n  

The major m i n e r a l  components o f  t h i s  coa l  i n c l u d e  q u a r t z ,  p y r i t e  (and 
m a r c a s i t e ) ,  and c l a y s  ( p r e d o m i n a n t l y  k a o l i n i t e  and i l l  i t e l m i c a ,  w i t h  l e s s e r  
amounts o f  expandable c l a y s ) .  T o t a l  m i n e r a l  c o n t e n t  (percent  LTA) v a r i e s  
c o n s i d e r a b l y  a c r o s s  the  b a s i n ,  w i t h  v e r y  h i g h  ash c o n t e n t s  o c c u r r i n g  i n  the  
c e n t e r  o f  the b a s i n  and a l o n g  s e c t i o n s  o f  the A l legheny F r o n t .  To f u r t h e r  
understand these v a r i a t i o n s ,  i n d i v i d u a l  m i n e r a l  d i s t r i b u t i o n s  were examined. 

P y r i t e  d i s t r i b u t i o n  shows a d e f i n i t e  b a s i n a l  t r e n d ,  w i t h  h i g h  p y r i t e  
conten ts  o c c u r r i n g  a c r o s s  the  c e n t e r  o f  the  b a s i n  ( F i g u r e  2 ) .  Whereas much of  
t h i s  area u n d e r l i e s  m a r i n e  and b r a c k i s h  r o o f  r o c k s ,  the  r e l a t i o n s h i p  i s  n o t  
p e r f e c t .  H i g h e s t  p y r i t e  c o n t e n t  appears t o  be most c l o s e l y  r e l a t e d  t o  the 
eas tern  b r a c k i s h  zone. F a c t o r s  i n f l u e n c i n g  the d i s t r i b u t i o n  o f  s u l f u r  i n  peat 
and c o a l s  i n c l u d e  a v a i l a b i l i t y  o f  i r o n  and s u l f a t e ,  and pH.  S u l f a t e  i s  thought 
t o  be i n t r o d u c e d  by  m a r i n e  and b r a c k i s h  w a t e r s  ( 4 ) .  Recent work on p y r i t e  
d i s t r i b u t i o n  i n  the  F l o r i d a  Everg lades  (23) i n d i c a t e s  h i g h e s t  p y r i t e  conten t  i s  
a s s o c i a t e d  w i t h  b r a c k i s h  env i ronments  r a t h e r  than mar ine ,  and t h i s  has been 
r e l a t e d  t o  the a v a i l a b i l i t y  o f  i r o n .  I n  f r e s h w a t e r ,  i r o n  i s  t r a n s p o r t e d  i n  
o rgan ic  c o l l o i d s  wh ich  f l o c c u l a t e  q u i c k l y  upon e n t e r i n g  b r a c k i s h  water ,  
r e s u l t i n g  i n  a h i g h e r  a v a i l a b i l i t y  o f  i r o n  i n  b r a c k i s h  env i ronments (24 ) .  pH i s  
a l s o  a f a c t o r ,  as much o f  the  p y r i t e  appears t o  fo rm as a by-product o f  
s u l f a t e - r e d u c i n g  b a c t e r i a  ( 4 ) .  Compared t o  the  more a c i d i c  f reshwater  
environments,  h i g h e r  l e v e l s  o f  m i c r o b i a l  a c t i v i t y  wou ld  occur i n  the  n e u t r a l  t o  
b a s i c  pH c o n d i t i o n s  e x i s t i n g  i n  mar ine  o r  b r a c k i s h  w a t e r s .  P y r i t e  conten t  i s  
t h e r e f o r e  h i g h e s t  i n  a r e a s  t h a t  w e r e  i n f l u e n c e d  a t  l e a s t  by b r a c k i s h  c o n d i t i o n s .  

The c e n t r a l  p a r t  o f  the  b a s i n  was e x p e r i e n c i n g  more r a p i d  subsidence than 
the  margins,  t h u s  any mar ine  i n f l u e n c e  would be g r e a t e r  i n  t h i s  area. Apparent 
d i s c r e p e n c i e s  i n  the  r e l a t i o n s h i p  between p y r i t e  c o n t e n t  and r o o f  l i t h o l o g y  may 
be e x p l a i n e d  on the  b a s i s  o f  i r o n  a v a i l a b i l i t y .  (Data  t o  be d iscussed l a t e r  
Suggest a d e t r i t a l  i n f l u e n c e  towards t h e  e a s t e r n  marg in  o f  the b a s i n ,  p r o v i d i n g  
c l a y - r i c h  sediments w h i c h  may have c o n t r i b u t e d  t o  the  supp ly  o f  i r o n ) .  
workers  have a l s o  commented on t h i s  l a c k  o f  c o r r e l a t i o n  and suggest e p i g e n e t i c  
p y r i t e  f o r m a t i o n  a l o n g  c l e a t s  and j o i n t s  may be r e s p o n s i b l e  ( 2 5 ) .  
a l t e r n a t i v e  i s  t h a t  t h e  zone o f  maximum b r a c k i s h  and mar ine  i n f l u e n c e  s h i f t e d  
d u r i n g  the  h i s t o r y  o f  t h e  peat  swamp. 

Other 

A t h i r d  

Q u a r t z  c o n t e n t  i s  h i g h e s t  i n  the  n o r t h - c e n t r a l  p a r t  o f  the  b a s i n ,  w i t h  
i s o l a t e d  q u a r t z - r i c h  pods a l o n g  the A l legheny F r o n t .  
c o a l  has been debated  a t  l e n g t h .  D e t r i t a l  q u a r t z  has been d i s t i n g u i s h e d  by many 

The o r i g i n  o f  q u a r t z . i n  
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a u t h o r s  ( 1 , 3 )  w h i l e  o t h e r  w o r k e r s  ( 1 1 , 1 2 )  b e l i e v e  much o f  t h i s  q u a r t z  i s  d e r i v e d  
froin s i l i c a  o r i g i n a l l y  c o n t a i n e d  w i t h i n  the  p l a n t s .  P e t r o g r a p h i c  o b s e r v a t i o n s  
Of q u a r t z  i n  t h i s  c o a l  r e v e a l e d  an a s s o c i a t i o n  w i t h  a t t r i t a l  bands, s u g g e s t i n g  a 
d e t r i t a l  o r i g i n .  The d i s t r i b u t i o n  may be r e l a t e d  t o  the basement h i g h  t h a t  
e x i s t e d  t o  the  n o r t h  d u r i n g  t h i s  t ime  ( 1 8 ) .  T r a n s p o r t a t i o n  w i t h i n  the  swamp of 
q u a r t z - r i c h  sediments d e r i v e d  f rom t h i s  h i g h  was p o s s i b l y  r e s t r i c t e d  by the 
b a f f l i n g  e f f e c t  o f  v e g e t a t i o n ,  a phenomenon n o t e d  i n  modern swamps ( 2 ) .  I n  
a d d i t i o n ,  l e s s e r  amounts o f  q u a r t z  may have been c a r r i e d  i n  f rom t h e  e a s t .  
Sediment d e r i v e d  f rom t h i s  l a t t e r  source appears t o  have been p r e d o m i n a n t l y  
c l a y .  Comparable q u a r t z  d i s t r i b u t i o n s  were n o t e d  i n  the underc lay  1261, t h u s  
t h e  i n f l u e n c e  o f  i n - s i t u  m i x i n g  a l s o  e x i s t s .  

K a o l i n i t e  i s  the ma jo r  c l a y  c o n s t i t u e n t  o f  t he  c o a l  and occu rs  i n  h i g h e s t  
c o n c e n t r a t i o n s  a l o n g  the b a s i n  marg ins ,  w i t h  i l l i t e  i n c r e a s i n g  towards  the  
c e n t r a l  p a r t  o f  t he  bas in .  Once aga in  a s i m i l a r  d i s t r i b u t i o n  wasnoted i n  the  
u n d e r c l a y s  ( 2 6 ) .  D i f f e r e n t i a l  f l o c c u l a t i o n  w i t h i n  t h e  b a s i n ,  t o g e t h e r  w i t h  
chemical  r e g r a d i n g  o f  c l a y s ,  c o u l d  be used t o  e x p l a i n  t h i s  d i s t r i b u t i o n .  
Holbrook (26) argues a g a i n s t  t h i s  mechanism f o r  t he  u n d e r c l a r s  on t h e  b a s i s  of 
f l o c c u l a t i o n  s t u d i e s  i n  modern env i ronmen ts ,  and sugges ts  d i f f e r e n t i a l  l e a c h i n g  
r e l a t e d  t o  v a r i a t i o n s  i n  pa leo topographr  may have been i m p o r t a n t .  Another  
c o n t r o l  c o u l d  be the  e f f e c t  o f  pea t  c h e m i s t r y  on the c l a y  assemblage. K a o l i n i t e  
appears t o  be h i g h e s t  i n  f r e s h w a t e r  env i ronments where,  under l ower  pH 
c o n d i t i o n s ,  i t  wou ld  be t h e  most s t a b l e  c l a y  m i n e r a l .  Thus, i n  these areas no t  
o n l y  c o u l d  k a o l i n i t e  be d e t r i t a l ,  b u t  a l s o  the p r o d u c t  o f  c l a y  a l t e r a t i o n  and 
a u t h i g e n e s i s .  The presence o f  h igh - tempera tu re  p o l r t r p e s  suggest  a d e t r i t a l  
o r i g i n  f o r  i l l i t e h i c a  i n  the Lower K i t t a n n i n g  c o a l  and u n d e r c l a r ,  as d i scussed  
by Dav is  d, ( 3 )  and HclbrooK 1 2 6 ) .  D e t r i t a l  i l l i t e / m i c a  wou ld  be b e t t e r  
p rese rved  i n  more bas inward  a reas .  

@ne a d d i t i o n a l  c o n t r o l  on t h e  c l a y  m i n e r a l  assemblage c o u l d  be r a n k .  W i t h  
t h e  i nc rease  i n  r a n k  e x h i b i t e d  b y  t h i s  c o a l ,  c e r t a i n  d i a g e n e t i c  changes m i g h t  be 
expected.  No c o n s i s t e n t  t r e n d s  i n  m i n e r a l o g y  were observed,  however a genera l  
l a c k  o f  s m e c t i t e  and h igh l y -expandab le  c l a y s  (which can be seen i n  lower  rank  
c o a l s )  was no ted .  T h i s  c o u l d  be r e l a t e d  t o  rank ,  o r  be a f u n c t i o n  o f  
provenance.  

Summary 

The d i s t r i b u t i o n  o f  m i n e r a l s  w i t h i n  the  Lower K i t t a n i n g  coa l  can be r e l a t e d  
t o  d e p o s i t i o n a l  env i ronments.  T o t a l  m i n e r a l  c o n t e n t  v a r i e s  c o n s i d e r a b l y  ac ross  
the  b a s i n ,  and v a r i a t i o n s  can be e x p l a i n e d  by examin ing the d i s t r i b u t i o n s  o f  
i n d i v  i dual  m i n e r a l  5 .  

P y r i t e  c o n t e n t  i s  c o n t r o l l e d  by a v a i l a b i l i t y  o f  s u l f a t e  and i r o n ,  and pH. 
H ighes t  c o n c e n t r a t i o n s  a re  seen towards t h e  c e n t e r  o f  the b a s i n  where subsidence 
was more r a p i d  and mar ine  and b r a c k i s h  i n f l u e n c e s  ( a f f e c t i n g  s u l f a t e  
a v a i l a b i l i t y  and pH) were f e l t  d u r i n g  and a f t e r  pea t  accumu la t i on .  I r o n  
a v a i l a b i l i t y  may have been a s s o c i a t e d  w i t h  the  t r a n s p o r t  o f  o r g a n i c  c o l l o i d s  or 
c l a y  i n t o  the  b a s i n .  

Quar tz  appears t o  be l i m i t e d  t o  the  n o r t h e r n  p a r t  o f  t he  f i e l d  a rea  and 
i s o l a t e d  a reas  a l o n g  the A l l e g h e n y  F r o n t .  I t  i s  suggested t h a t  q u a r t z - r i c h  
sediments were d e r i v e d  f rom a p o s i t i v e  a rea  t o  t h e  n o r t h .  Much o f  the sediment 
b rough t  i n  f rom the  e a s t  appears t o  have been c l a y - r i c h .  

The c h e m i s t r y  o f  the pea t  may have had  a s t r o n g  i n f l u e n c e  on c l a y  m i n e r a l  
assemblage. K a o l i n i t e  may have been b o t h  d e t r i t a l  and a u t h i g e n i c ,  whereas 
i 1 1 i t e / m i c a  appears t o  be d e t r i t a l .  Rank has had l i t t l e  e f f e c t  on the  o v e r a l l  
c 1 ay assembl age. 
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The Origin of Quartz In  Coal 

Leslie F. Ruppert, C. Blaine Cecil, and Ronald W. Stanton 
u.S. Geological Survey, National Center, MS 956, Reston, Va. 22092 

Introduction 

Mineral matter i n  coal can or iginate  a s  (1) inorganic elements from plants 
t h a t  were incorporated dur ing  peat formation, (2)  wind- o r  water-borne 
de t r i tus  t h a t  s e t t l e d  i n  the peat-forming environment, and (3) epigenetic 
minerals t h a t  formed during or  a f t e r  burial  of . the  peat (Stach and others, 
1982). The l a t t e r  two processes generally a r e  considered t o  be the principal 
contributors t o  t h e  amount and var ie ty  of minerals i n  coal of commercial 
quality. Certain physical properties, such a s  the shape of quartz grains, 
have led some workers t o  pos tu la te  t h a t  quartz  i n  coal  is primarily of 
d e t r i t a l  o r ig in  (Finkelman, 1981a, 1982b; Davis and others,1981); however, 
evidence f o r  such a hypothesis may be highly subject ive and inconclusive. I n  
contrast, Cecil and o thers  (1982) suggested t h a t  mineral matter i n  t h e  Upper 
Freeport coa l  bed is dominantly authigenic, on the basis of s t a t i s t i c a l  
re la t ionships  among major-, minor-, and trace-element, maceral, and mineral 
data. Mineral matter i n  coal ,  exclusive of p y r i t e  and c a l c i t e ,  was probably 
derived from plants  t h a t  contributed t o  peat formation (Stevenson, 1913; 
Cecil and others ,  1982). 

Cathodolminescence (CL) petrography was used i n  the present invest igat ion t o  
obtain quant i ta t ive  data  on the amounts of authigenic and d e t r i t a l  quartz in  
the  Upper Freeport coal bed. CL is the  emission of v i s i b l e  light during 
electron bombardment. It is  used widely a s  a t o o l  i n  sandstone petrology t o  
dis t inquish between d e t r i t a l  and authigenic  quartz  grains .  CL i n  quartz  
results fran molecular or other  l a t t i c e  imperfections; molecular imperfec- 
t ions  which include the addi t ion of f fact ivatorff  ions (AF30r Tit3 t h a t  s u b s t i -  
t u t e  for S1)4), and other l a t t i c e  imperfections a re  re la ted  t o  temperature 
( Z i n k e r n a g e l ,  1978) . Zinkernagel  observed  t h r e e  d i s t i n c t  t y p e s  of 
luninescence i n  quartz  gra ins  t h a t  included ( 1) h i o l e t r r  luninescing quartz 
(spectral  peaks a t  450 and 610-630 n m ) ,  (2)  ffbrownlf or orange luninescing 
quartz ( spec t ra l  p e a k s ' a t  610-630 run), and (3) non-luninescing quartz. He 
examined quartz f ran  46 l o c a l i t i e s  and ranging i n  age from Precambrian t o  
Tertiary, and i n  a l l  cases the  CL color was dependent on the temperature of 
c rys ta l l iza t ion .  Violetff  or blue luninescing quartz was charac te r i s t ic  of 
fast-cooled volcanic, plutonic, and high-grade metamorphic rocks t h a t  were 
formed a t  temperatures grea te r  than 573O C. ffBrownff or orange luninescing 
quartz was c h a r a c t e r i s t i c  of high-grade slow-cooled metamorphic rocks formed 
a t  temperatures ranging f r a n  5 7 9  C t o  300°C. Quartz t h a t  was formed a t  
temperatures below 300°C and t h a t  was not heat  tempered did not luninesce i n  
the  vis ible  range. The or ig in  of quartz can be inferred from CL data because 
d e t r i t a l  quartz, which has a high- temperature or ig in  ( > 3 O P C ) ,  luninesces i n  
the  vis ible  range whereas authigenic quartz, formed a t  l o w  temperatures (<30@ 
C) does not luninesce. 
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Methodology 

Both a scanning electron microscope (SEM) and an electron microprobe (EMP) 
were used i n  t h i s  study t o  analyze the CL propert ies  of quartz  gra ins  i n  
samples of the Upper Freeport coal bed because quartz grains  i n  coal  a r e  
Small (silt s ized)  and below t h e  reso lu t ion  c a p a b i l i t i e s  of a s tandard 
hl inoscope.  Quartz gra ins  were ident i f ied  by t h e  detection of s i l i c o n  alone 
with energy dispers ive X-ray uni t s  attached t o  both the SEM and t h e  EMP. 

The SEM was used t o  observe and photograph the  quartz grains. The EMP which 
was equipped with both a photanul t ipl ier  tube ( spec t ra l  response 185-930 nm) 
and a monocrmeter, was used t o  measure wave length and in tens i ty  of CL. The 
EMP, instrunent conditions were cal ibrated using a reference sample of the 
upper p a r t  of t h e  Raleigh Sandstone Member of t h e  New River Formation 
(Pennsylvanian a g e ) ,  which contained both orange and blue luminescent 
d e t r i t a l  q u a r t z  g r a i n s  and non-luminescent a u t h i g e n i c  overgrowths of 
low-temperature or ig in  ( f i g .  1). 

Quartz grains  frm the  Upper Freeport coal bed were analyzed i n  (1) ash 
samples t h a t  were prepared by low-temperature plasma ashing (LTA) of fac ies  
channel samples, (2) pulverized coal samples of size-gravity separates ,  and 
(3) or iented blocks of mineral-rich bands, v i t r a i n ,  fusain, clay-rich parting 
material, and roof-shale t h a t  were each cut  f ran  a coal core. All samples 
were mounted i n  epoxy and polished pr ior  t o  analysis. 

Results 

A l l  the Upper Freeport coal bed samples examined contained both luninescent 
and non-luninescent quartz grains  ( t a b l e  1 ,  f ig .  2 ) .  More than 200 grains  
were visually examined, and 76 measured spectra  were obtained. 

I n  t h e  LTA samples, 95 percent  of t h e  q u a r t z  p a r t i c l e s  examined were 
non-luninescent and 5 percent were luninescent. Most gra ins  lwninesced i n  
the  orange range. 

Twenty-nine measured spectra  of quartz grains  were obtained fran the l i g h t e s t  
(1.275 f l o a t )  and the  heaviest (1.800 s ink)  size-gravity separates. Only 
nine grains  were analyzed i n  t h e  lightest gravity separates  because of the 
paucity of mineral matter. A l l  nine grains  were non-luninescent and were 
associated with v i t r a i n .  In the  heaviest gravity separates, 60 percent of 
the quartz was non-luninescent; t h i s  quartz is petrographically associated 
with both v i t ra in ,  mineral-rich bands, and shale  partings. The remaining 40 
percent of the quartz  grains  in  t h e  heavy gravity separates  were luninescent 
and a r e  associated with mineral-rich bands and shale  par t ing mater ia l .  

Data from CL analyses of the blocks of coal f ran  the  core revealed t h a t  
luminesc ing  q u a r t z  was r e l a t i v e l y  r a r e  and is a s s o c i a t e d  only  with 
mineral-r ich bands. O f  t h e  29 quar tz  g r a i n s  analyzed, only 17 percent  
luninesced. The non-lwninescent gra ins  a r e  petrographically associated with 
both v i t r a i n  and mineral-rich bands. 
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Roof-shale samples f ran  the core were a l s o  examined. Ninety-three percent of 
t h e  quartz analyzed was luninescent and only 7 percent was non-luninescent. 
The quartz grains  analyzed were similar  in  s i z e  t o  the  quartz  gra ins  i n  coal. 

Conclusions 

Seventy-six percent of t h e  quartz  gra ins  examined i n  the  Upper Freeport coal 
samples a r e  non-luminescent; t h e r e f o r e  t h e  quar tz  is i n t e r p r e t e d  t o  be 
domininant ly  a u t h i g e n i c .  The a u t h i g e n i c  q u a r t z  i s  p e t r o g r a p h i c a l l y  
associated with both v i t r a i n  and mineral-rich bands. The remaining 23 percent 
of the  quartz  analyzed luninesced i n  the  v i s i b l e  range and i s  therefore  
interpreted t o  be d e t r i t a l  i n  or igin.  Det r i ta l  quartz was petrographically 
associated with mineral-rich bands and clay-parting mater ia l .  

I n  contrast, quartz gra ins  i n  the samples of shale  d i rec t ly  overlying the 
Upper Freeport coal  bed a r e  in te rpre ted  t o  be predominantly d e t r i t a l  i n  
or igin.  The quartz gra ins  a r e  i n  the same s i z e  range a s  quartz gra ins  i n  the 
coal samples. 

Data fran CL petrography support the i n t e r p r e t a t i o n  of Cecil and others 
(1982) t h a t  quartz i n  Upper Freeport coal bed is primarily authigenic and 
derived from plant  ash. Although it is impossible t o  ascer ta in  the ash 
content of Pennsylvanian plants  t h a t  grew i n  t h e  Upper Freeport palec-peat 
forming environment, it seeins reasonable t h a t  the  plants  did contain s i l i c a ,  
a s  do most modern plants .  Biogenic s i l i c a  can be preserved a s  phytoliths 
(Smithson, 1956; Baker, 1960; and Jones, 1964; Andrejko and others, 1983) and 
quartz grains  i n  coal a r e  s imi l ia r  i n  s ize  t o  plant  phytol i ths  (Wilding and 
Drees, 1974). 

Most quartz gra ins  i n  the commercial-quality Upper Freeport coal bed samples 
a r e  authigenic  i n  o r i g i n ,  but  t h i s  i n t e r p r e t a t i o n  does not rule out a 
d e t r i t a l  source f o r  a r e a s  of the  bed conta in ing  higher  amounts of ash 
(approximately 20 percent)  o r  f o r  other  high ash bituninous coal beds. The 
percentage of d e t r i t a l  quartz  would be expected t o  increase approaching 
stream channels and t h e  margins of t h e  paleoswamp environment, but vegetal 
matter is probably the  dominant source f o r  quartz i n  i n t e r i o r  portions of 
t h e  paleoswamp. 
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Table 1. CATHODOLUMINESCENT AND PETROGRAPHIC CHARACTERISTICS OF QUARTZ 
GRAINS I N  COAL AND SHALE 

[Determined by us ing  an e l ec t ron  microprobe (EMP).  TNA, Tota l  number 
of gra ins  analyzed: Nonlum, nonluminescent g ra ins :  Lum. Luminescent 
g ra ins ;  *, da ta  was not obtained because coa l  was crushed: N I A .  no t  
appl icable .  1 

Number of gra ins  

Grain s i z e  range 
( i n  m) 

( i n  p) 
=an g ra in  s i z e  

Percent of t o t a l  

Association 

LOW-TEMPERATURE ASH 

(Facies channel 
samples) 

Nonlum Lum 

39 2 

* * 

* * 

95 5 

* * 

Number of gra ins  

Grain s i z e  range 
( i n  p d  

( i n  w)  
Mean g ra in  S ize  

Percent of t o t a l  

Association 

SIZE-GRAVITY SEPARATES 

Floa t  1.275 
(TNA = 9) 

Nonlum Lum 

9 0 

6-22 NIA 

9.9 N I A  

100 NIA 

Vi t r a in  N I A  

COAL BLOCKS 
(TNA = 9 )  

Nonlum Lum 

24 5 

8-20 7-22 

12 14.8 

83 17 

Vit ra in  Mineral-rich 

Sink 1.800 
(TNA - 20) 

Nonlum Lum 

12 8 

5-14 9-32 

8.4 18.9 

60 40 

Vit ra in  Mtneral-rich 
Mineral-rich band 

Shale pa r t ing  
band Shale pa r t ing  

ROOF-SHALE 
(TNA = 15) 

BLOCKS 

Nonlum Lum 

1 14 

NIA 6-32 

7 13.5 

7 93 

Shale Shale 
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Figure 2 - EMP CL spectra of quartz i n  the Upper Freeport coal bed. (A) Non-luminescing 
aothigenic spectrum, (B) Luminescing detrital  spectrum. 
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S E M I  QUANTITATIVE DETERMINATION OF COAL MINERALS 
BY X - R A Y  DIFFRACTOMETRY 

J o h n  J. R e n t o n  

D e p a r t m e n t  o f  G e o l o g y  
West V i r g i n i a  U n i v e r s i t y  

Morgan town ,  West V i r g i n i a  2 6 5 0 6  

INTRODUCTION 

The p u r p o s e  o f  t h i s  p a p e r  i s  t o  p r e s e n t  a n d  s u p p o r t  t h e  a r g u m e n t  
t h a t  abundance  e s t i m a t e s  o f  t h e  m i n e r a l s  i n  c o a l  b a s e d  upon  x - r a y  
d i f f r a c t i o n  d a t a  c a n  o n l y  b e  c o n s i d e r e d  s e m i - q u a n t i t a t i v e  w i t h  e x p e c t e d  
e r r o r s  o f  d e t e r m i n a t i o n  o f  10 p e r c e n t  o r  more  o f  t h e  r e p o r t e d  v a l u e s .  
The c o m p o s i t i o n a l  a n d  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  l o w  t e m p e r a t u r e  
a s h  componen ts  o f  c o a l  r e l a t i v e  t o  t h e  p r e p a r a t i o n  and  m o u n t i n g  o f  a s h  
f o r  X R O  a n a l y s i s  m u s t  a l s o  be c o n s i d e r e d .  

MINERALS I N  C O A L  

The m i n e r a l s  commonly f o u n d  i n  c o a l  a r e  l i s t e d  i n  T a b l e  1. 
I n  t h e  a v e r a g e  c o a l ,  c l a y  m i n e r a l s  may c o n s t i t u t e  up t o  6 0  w e i g h t  
p e r c e n t  o f  t h e  m i n e r a l  m a t t e r  ( 1  ,2). Q u a r t z  i s  u s u a l l y  t h e  s e c o n d  m o s t  
a b u n d a n t  m i n e r a l ,  w i t h  u p  20  w e i g h t  p e r c e n t  b e i n g  common. The 
c a r b o n a t e  m i n e r a l s  ( c a l c i t e ,  s i d e r i t e  and  t o  a l e s s e r  e x t e n t ,  d o l o m i t e  
a n d  a n k e r i t e )  and  t h e  i r o n  d i s u l p h i d e  m i n e r a l s  ( p y r i t e  a n d  m a r c a s i t e )  
make up, on t h e  a v e r a g e ,  a b o u t  1 0  w e i g h t  p e r c e n t  e a c h  g r o u p .  S u l p h a t e  
m i n e r a l s  o f  c a l c i u m  a n d  i r o n  a n d  t h e  f e l d s p a r  m i n e r a l s  a r e  commonly 
p r e s e n t  b u t  r a r e l y  i n  c o n c e n t r a t i o n s  o f  more  t h a n  a f e w  w e i g h t  
p e r c e n t .  E x c e p t  f o r  u n u s u a l  c a s e s  s u c h  as  t h e  s u l p h i d e  r i c h  c o a l s  o f  
t h e  n o r t h e r n  I l l i n o i s  B a s i n ,  t h e  o c c u r r e n c e  o f  t h e  o t h e r  m i n e r a l s  i n  
c o n c e n t r a t i o n s  e x c e e d i n g  a few p e r c e n t  i s  r a r e .  I t  m u s t .  h o w e v e r ,  be 
k e p t  i n  m i n d  t h a t  t h e  m i n e r a l o g y  o f  t h e  i n o r g a n i c  . p o r t i o n  o f  c o a l  shows 
s y s t e m a t i c  v a r i a t i o n  b o t h  g e o g r a p h i c a l l y  and  l o c a l l y  r e f l e c t i n g  t h e  
g e o c h e m i s t r y  o f  t h e  o r i g i n a l  p e a t  f o r m i n g  e n v i r o n m e n t  ( 3 ) .  As a 
r e s u l t ,  " a v e r a g e "  v a l u e s  o f  c o n c e n t r a t i o n  may h a v e  l i t t l e  p r a c t i c a l  
m e a n i n g .  

M o s t  c o a l s  c o n s i d e r e d  f o r  c o n v e r s i o n  p r o c e s s e s  s u c h  as 
1 i q u i  f a  
g e n e r a l  
p e r c e n t  
m a t e r i a  
m i n e r a l  
i n  t h e  

t i o n ,  a n d  t h e r e b y  t h o s e  o f  p r i m e  i n t e r e s t  t o  c h e m i s t s ,  a r e  
y h i g h  i n  a s h  ( > l o  w e i g h t  p e r c e n t )  and  s u l f u r  (?l w e i g h t  . I n  s u c h  c o a l s ,  i l l i t e  w o u l d  i n v a r i a b l y  be t h e  d o m i n a n t  c l a y  
, c o n s t i t u t i n g ,  i n  some c o a l s ,  u p  t o  h a l f  o r  m o r e  o f  t h e  
c o n t e n t .  M o s t  o f  t h e  s u l f u r  c o n t a i n e d  i n  t h e s e  c o a l s  w i l l  b e  
orm o f  p y r i t e  a l t h o u g h  m a r c a s i t e  may be l o c a l l y  d o m i n a n t  ( 4 ) .  
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QUANTIFICATION BY X - R A Y  DIFFRACTION 

The m o s t  commonly e m p l o y e d  q u a n t i t a t i v e  X R D  p r o c e d u r e  u s e d  t o  
e v a l u a t e  t h e  c o n c e n t r a t i o n  o f  m i n e r a l  c o m p o n e n t s  i n  a m u l t i c o m p o n e n t  
m i x t u r e  o f  m i n e r a l s  compares  t h e  B r a g g  i n t e n s i t y  d a t a  o f  unknowns t o  
t h o s e  g e n e r a t e d  f r o m  a s u i t e  o f  known s t a n d a r d  samp les .  M i n e r a l  
s p e c i m e n s  a r e  a c q u i r e d  t o  r e p r e s e n t  e a c h  o f  t h e  m i n e r a l s  e x p e c t e d  i n  
t h e  unknowns. The s p e c i m e n s  a r e  g r o u n d  t o  a u n i f o r m l y  s m a l l  s i z e  ( l e s s  
t h a n  4 4  m i c r o n s )  a n d  m i x e d  t o g e t h e r  i n  c o n c e n t r a t i o n s  w h i c h  r e p r e s e n t  
t h e  r a n g e  o f  c o n c e n t r a t i o n s  e x p e c t e d  f o r  e a c h  m i n e r a l .  An i n t e r n a l  
s t a n d a r d  s u c h  a s  c a l c i u m  f l u o r i d e ,  a l u m i n u m  o x i d e  o r  p o w d e r e d  a l u m i n u m  
i s  u s u a l l y  added  i n  o r d e r  t o  m o n i t o r  and  c o r r e c t  f o r  v a r i a t i o n s  i n  
s a m p l e  a b s o r p t i o n  a n d  i n s t r u m e n t a l  v a r i a b l e s .  W o r k i n g  c u r v e s  a r e  t h e n  
p r e p a r e d  by  p l o t t i n g  t h e  r a t i o  o f  i n t e n s i t y  ( p r e f e r a b l y  i n t e g r a t e d  
i n t e n s i t y )  o f  t h e  B r a g g  r e f l e c t i o n  c h o s e n  t o  q u a n t i f y  t h e  m i n e r a l  t o  
t h a t  chosen  f o r  t h e  s t a n d a r d  v e r s u s  t h e  w e i g h t  p e r c e n t  o f  t h e  m i n e r a l  
i n  t h e  s t a n d a r d  s a m p l e s .  

T h i s  p r o c e d u r e  w i l l  p r o v i d e  a n a l y s e s  o f  h i g h  p r e c i s o n  p r o v i d e d  
c e r t a i n  b a s i c  a s s u m p t i o n s  a r e  m e t :  ( 1 )  t h e  h i g h  c o m p o s i t i o n  and 
c r y s t a l l i n i t y  ( d e g r e e  o f  o r d e r i n g )  o f  t h e  i n d i v i d u a l  m i n e r a l s  i n  t h e  
unknowns a r e  b o t h  r e a s o n a b l y  c o n s t a n t  f r o m  s a m p l e  t o  s a m p l e  a n d  ( 2 )  t h e  
c o m p o s i t i o n  a n d  c r y s t a l l i n i t y  o f  t h e  s t a n d a r d  m i n e r a l s  c h o s e n  f o r  t h e  
p r e p a r a t i o n  o f  t h e  s t a n d a r d  s a m p l e s  r e a s o n a b l y  d u p l i c a t e  t h e  
c o m p o s i t i o n  a n d  c r y s t a l l i n i t y  o f  t h e  r e s p e c t i v e  m i n e r a l s  i n  t h e  
unknowns.  The p u r p o s e  o f  t h e  f o l l o w i n g  d i s c u s s i o n  i s  t o  d e m o n s t r a t e  
t h a t ,  i n  t h e  c a s e  o f  c o a l  m i n e r a l s ,  n e i t h e r  o f  t h e  above  a s s u m p t i o n s  i s  
v a l i d  and as a r e s u l t ,  any  such  q u a n t i t a t i v e  p r o c e d u r e  w i l l  r e f l e c t  t h e  
i n h e r e n t  d e g r e e  o f  d e p a r t u r e  f r o m  t h e s e  b a s i c  a s s u m p t i o n s  and  w i l l  
t h e r e f o r e  b e  s e m i - q u a n t i t a t i v e .  O t h e r  p r o c e d u r e s  u s i n g  d a t a  n o r m a l i z e d  
t o  t h e  t o t a l  i n t e g r a t e d  i n t e n s i t y  a n d  q u a n t i f i c a t i o n  p r o c e d u r e s  
u t i l i z i n g  w e i g h t i n g  f a c t o r s  b a s e d  upon  s t a n d a r d  c h e m i c a l  f o r m u l a e  f o r  
t h e  m i n e r a l s  c a n  b e  u s e d  b u t  w i t h  n o  i m p r o v e m e n t  i n  q u a n t i t a t i v e  e r r o r s  
(5,6). 

I l l i t e  a n d  p y r i t e  w e r e  s p e c i f i c a l l y  c i t e d  i n  t h e  a b o v e  d i s c u s s i o n  
t o  make a p o i n t  r e l a t i v e  t o  t h e  p r e c i s i o n  a n d  a c c u r a c y  w i t h  w h i c h  c o a l  
m i n e r a l s  car! b e  q u a n t i f i e d  by  X R D .  F i r s t ,  i l l i t e  i s  NOT a m i n e r a l .  
I l l i t e  i s  ... a g e n e r a l  t e r m  f o r  t h e  c l a y  m i n e r a l  c o n s t i t u e n t s  o f  
a r g i l l a c e o u s  s e d i m e n t s  b e l o n g i n g  t o  t h e  m i c a  g r o u p  ( 7 ) .  To a c l a y  
m i n e r a l o g i s t ,  t h e  t e r m  i l l i t e  i s  synonomous w i t h  v a r i a b i l i t y  i n  b o t h  
c o m p o s i t i o n  a n d  c r y s t a l l i n i t y  (8). The s i t u a t i o n  i s  even  f u r t h e r  
c o m p l i c t t e d  by  t h e  f a c t  t h a t  much o f  t h e  m a t e r i a l  i n  c o a l  r e f e r r e d  t o  a 
" i l l i t e  i s  a c t u a l l y  'an i l l i t e  d o m i n a t e d  m i x e d  l a y e r e d  c l a y  w h e r e i n  t h e  
i l l i t e  l a t t i c e s  a r e  r a n d o m l y  i n t e r s t r a t i f i e d  w i t h  14A c l a y  l a t t i c e s ;  
u s u a l l y  c h l o r i t e .  T h i s  m i x i n g  o f  c l a y  m i n e r a l  l a t t i c e s  f u r t h e r  adds  t o  
t h e  i n h e r e n t  v a r i a b i l i t y  i n  b o t h  c o m p o s i t i o n  a n d  c r y s t a l l i n i t y  o f  t h e  
i l l i t e  m a t e r i a l .  The c o n s t i t u t i o n  o f  " i l l i t e "  c a n  t h e r e f o r e  be 
e x p e c t e d  t o  v a r y  s i g n i f i c a n t l y  f r o m  samp le  t o  sample.  I t  s h o u l d  be 
q u i t e  a p p a r e n t  f r o m  t h e  above  d i s c u s s i o n  t h a t  no " s t a n d a r d "  i l l i t e  
e x i s t s  t h a t  c o u l d  b e  u s e d  t o  r e p r e s e n t  i l l i t e  i n  s t a n d a r d  samp les .  

The i r o n  d i s u l p h i d e s  may r e p r e s e n t  1 0  w e i g h t  p e r c e n t  o r  more  o f  
h i g h  a s h - s u l p h u r  c o a l  ashes .  U s u a l l y ,  p y r i t e  i s  t h e  m a j o r  
d i s u l p h i d e .  P y r i t e  o c c u r s  i n  c o a l  i n  a number o f  m o r p h o l o g i c a l  f o rms  
a n d  s i z e s  ( 9 ) .  N o t  o n l y  does  t h e  p y r i t e  i n  c o a l  v a r y  i n  m o r p h o l o g y  and 
s i z e  b u t  a l s o  i n  s t o i c h i o m e t r y  and c r y s t a l l i n i t y .  S t u d i e s  h a v e  been 
c o n d u c t e d  i n  t h e  a u t h o r ' s  l a b o r a t o r y  on c u t  a n d  p o l i s h e d  s u r f a c e s  o f  
c o a l  b l o c k s  w h e r e i n  t h e  b l o c k s  h a v e  been  e x p o s e d  t o  t h e  a t m o s p h e r e  and 
t h e  p y r i t e s  o b s e r v e d  o v e r  a p e r i o d  o f  t i m e .  Some p y r i t e  g r a i n s ,  t h e  
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e u h e d r a l  f o r m s ,  r e m a i n  b r i g h t  a n d  show l i t t l e  t e n d e n c y  t o  r e a c t .  The 
m a s s i v e  fo rms  o f  p y r i t e ,  on t h e  o t h e r  hand,  show a w i d e  v a r i a t i o n  i n  
a p p a r e n t  r e a c t i v i t y  w i t h  c r y s t a l s  o f  i o n  s u l f a t e s  b e i n g  o b s e r v e d  t o  
f o r m  on some p y r i t e  s u r f a c e s  w i t h i n  a m a t t e r  o f  h o u r s  a n d  i n  some 
c a s e s ,  w i t h i n  m i n u t e s .  

A n o t h e r  s t u d y  i n v o l v e d  i n  q u a n t i f i c a t i o n  o f  p y r i t e  i n  d i f f e r e n t  
c o a l  l i t h o t y p e s .  C o a l s  a r e  d e s c r i b e d  m e g a s c o p i c a l l y  b a s e d  u p o n  t h e  
d e g r e e  o f  b r i g h t  a n d  d u l l  b a n d i n g .  Zones a r e  d e l i n e a t e d  w i t h i n  t h e  
c o a l  and  d e s i g n a t e d  as  a " l i t h o t y p e "  b a s e d  on t h e  r e l a t i v e  p e r c e n t a g e  
o f  b r i g h t  and  d u l l  bands  w i t h i n  t h e  zone  ( 1 0 ) .  D o m i n a n t l y  b r i g h t  b a n d s  
a r e  ca l l ec !  "V ITRAIN" ,  d u l l  bands ,  DURAIN and  t h o s e  i n t e r m e d i a t e  b e t w e e n  
t h e  t w o ;  CLARAIN". A l t h o u g h  t h e  d e s i g n a t i o n  a s  t o  l i t h o t y p e  i s  s o l e l y  
made d e p e n d i n g  upon  m e g a s c o p i c  d e s c r i p t i o n ,  t h e  l i t h o t y p e s  d i f f e r  i n  
b a s i c  o r g a n i c  c o m p o s i t i o n  a s  i l l u s t r a t e d  by  t h e  d a t a  f o r  t h e  Waynesburg  
Coa l  shown i n  T a b l e  2. 

TABLE 2. C O M P O S I T I O N  OF LITHOTYPES OF THE WAYNESBURG C O A L  

LITHOTYPE I V I T R I N I T E  I E X I N I T E  %INERTINITE %MINERAL MATTER 

V i t r a i n  93.1 1.8 2.4 
C l a r a i n  84.2 4.4 5.6 
D u r a i n  43.4 17.8 24.9 

2.7 
5.8 

13.9 

The l o w  t e m p e r a t u r e  a s h  o f  e a c h  l i t h o t y p e  was t h e n  s u b m i t t e d  t o  X R D  
a n a l y s i s .  The i n t e g r a t e d  i n t e n s i t i e s  o f  each  o f  t h e  s e l e c t e d  
a n a l y t i c a l  8 r a g g  r e f l e c t i o n s  s e l e c t e d  f o r  t h e  i n d i v i d u a l  m i n e r a l s  w e r e  
summed f o r  a l l  m i n e r a l s  p r e s e n t  i n  each  samp le  t o  g i v e  a " t o t a l  
i n t e g r a t e d  i n t e n s i t y " .  T h i s  v a l u e  was t h e n  d i v i d e d  i n t o  t h e  i n t e g r a t e d  
i n t e n s i t y  o f  t h e  p y r i t e  a n a l y t i c a l  B r a g g  r e f l e c t i o n  t o  g i v e  t h e  
" p e r c e n t  o f  t o t a l  i n t e g r a t e d  i n t e n s i t y " .  The d a t a  a r e  s u m m a r i z e d  i n  
F i g u r e  1. I t  i s  a p p a r e n t  t h a t  t h e r e  i s  a s y s t e m a t i c  r e l a t i o n s h i p  
b e t w e e n  t h e  composition/crystallinity o f  t h e  p y r i t e  a n d  t h e  b a s i c  
o r g a n i c  makeup o f  t h e  c o a l .  M o s t  i m p o r t a n t  i s  t h e  o b s e r v a t i o n  t h a t  
e q u a l  c o n c e n t r a t i o n s  o f  p y r i t e  g i v e  d i f f e r e n t  i n t e n s i t y  r e s p o n s e s .  
Volume f o r  vo lume,  t h e  p y r i t e  c o n t a i n e d  w i t h i n  t h e  b r i g h t  c o a l  
( V i t r a i n )  s h o w i n g  s i g n i f i c a n t l y  h i g h e r  B r a g g  i n t e n s i t i e s  t h a n  t h e  
p y r i t e  c o n t a i n e d  i n  t h e  d u l l e r  c o a l s .  

To compound t h e  p r o b l e m ,  m a r c a s i t e  f o r  r e a s o n s  unknown t o  t h e  
a u t h o r ,  does  n o t  show t h e  i n t e n s i t y  r e p o n s e ,  vo lume f o r  v o l u m e  a s  
p y r i t e .  It has  been  t h e  a u t h o r ' s  e x p e r i e n c e  t h a t  t h e  m a r c a s i t e  c o a l s  
t h a t  h a v e  been  shown by  o p t i c a l  e x a m i n a t i o n  t o  b e  i n s i g n i f i c a n t  
c o n c e n t r a t i o n  show a l m o s t  n o  i n d i c a t i o n  o f  b e i n g  p r e s e n t  on a 
d i f f r a c t o g r a m  g e n e r a t e d  f r o m  t h e  l o w  t e m p e r a t u r e  ash.  

I t  m u s t  b e  a p p a r e n t  f r o m  t h e  a b o v e  d i s c u s s i o n  t h a t  t h e  g r e a t  
number o f  v a r i a b l e s  o t h e r  t h a n  c o n c e n t r a t i o n  a f f e c t  t h e  i n t e n s i t i e s  o f  
m i n e r a l  p a t t e r n  as o b s e r v e d  on a d i f f r a c t o g r a m .  I n a s m u c h  as t h e y  
c a n n o t  be m o n i t o r e d  a n d  c o m p e n s a t e d  f o r  m a t h m e t i c a l l y ,  t h e s e  v a r i a t i o n s  
m u s t  be r e f l e c t e d  i n  t h e  e r r o r  o f  d e t e r m i n a t i o n .  T h i s  w o u l d  b e  t r u e  
r e g a r d l e s s  o f  t h e  q u a n t i f i c a t i o n  p r o c e d u r e  emp loyed .  The c o n c l u s i o n ,  
t h e r e f o r e ,  i s  t h a t  t h e  i n h e r e n t  v a r i a b i l i t y  i n  c o m p o s i t i o n  a n d / o r  
c r y s t a l l i n i t y  t h a t  e x i s t s  w i t h i n  t h e  m a j o r  m i n e r a l  c o m p o n e n t s  o f  t h e  
l o w  t e m p e r a t u r e  a s h e s  o f  c o a l  w i l l  b e  r e f l e c t e d  i n  t h e  s t a t i s t i c a l  
e r r o r  o f  d e t e r m i n a t i o n  and  t h a t  e r r o r  , , w i l l  b e  o f  s f f f i c i e n t  m a g n i t u d e  
t o  p r e c l u d e  t h e  u s e  o f  t h e  t e r m  q u a n t i t a t i v e  t o  d e s c r i b e  t h e  
p r o c e d u r e .  T h e r e f o r e ,  any  p r o c e d u r e  u s i n g  x - r a y  d i f f r a c t i o n  t o  
d e t e r m i n e  t h e  m i n e r a l s  i n  c o a l  m u s t  be c o n s i d e r e d  s e m i - q u a n t i t a t i v e  a t  
b e s t .  
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SAMPLE PREPARATION & MOUNTING 

Any p r o c e d u r e  f o r  t h e  p r e p a r a t i o n  and  m o u n t i n g  o f  c o a l  l o w  
t e m p e r a t u r e  a s h e s  f o r  X R D  a n a l y s i s  MUST t a k e  t w o  p r o p e r t i e s  o f  t h e  
m a t e r i a l  i n t o  a c c o u n t :  ( 1 )  m i n e r a l s  e x i s t  w h i c h  r e a c t  w i t h  w a t e r  t o  
p r o d u c e  a c i d i c  s o l u t i o n s  ( t h e  i r o n  d i s u l p h i d e s )  w h i c h  i n  t u r n  d i s s o l v e  
a c i d  s o l u b l e  c o m p o n e n t s  s u c h  as  c a l c i t e  and  ( 2 )  t h e  c l a y  m i n e r a l s  by 
v i r t u e  o f  e x c e p t i o n a l l y  w e l l  d e v e l o p e d  ( 0 0 1 )  c l e a v a g e  s u r f a c e s  h a v e  a 
d o m i n a n t  p l a t e y  c r y s t a l  f o r m .  The s i g n i f i c a n c e  o f  t h e  f i r s t  a t t r i b u t e  
i s  t h a t  t h e  a s h e s  c a n n o t  b e  p l a c e d  i n  w a t e r  t h e r e b y  p r e c l u d i n g  c e r t a i n  
s a m p l e  p r e p a r a t i o n  t e c h n i q u e s  s u c h  a s  d i s p e r s i o n  i n  w a t e r  f o l l o w e d  by  
vacuum m o u n t i n g  o n  f i l t e r s  o r  c e r a m i c  b l o c k s .  The second  
c h a r a c t e r i s t i c ,  p o s s e s s i o n  o f  a p l a t e y  c r y s t a l  f o r m ,  p r e c l u d e s  t h e  
a t t a i n m e n t  o f  t h e  t h e o r e t i c a l l y  r e q u i r e d  r a n d o m l y  o r i e n t e d  sample.  
Those  who work w i t h  t h e  c l a y  m i n e r a l s ,  r e a l i z i n g  a random s a m p l e  c a n n o t  
b e  p r e p a r e d  and  t h a t  t h e  c l a y  p a r t i c l e s  w i l l  d e p o s i t  i n  p r e f e r r e d  
o r i e n t a t i o n ,  p u r p o s e l y  p r e p a r e  a n d  moun t  t h e  samp les  s u c h  t h a t  t h e  
p r e f e r r e d  o r i e n t a t i o n  o f  t h e  i n d i v i d u a l  p l a t e l e t s  i s  m a x i m i z e d  and  
t h e r e b y  m i n i m i z e  a n y  v a r i a t i o n s  i n  d i f f r a c t i o n  i n t e n s i t y  due  t o  
v a r i a t i o n s  i n  p a r t i c l e  a l i g n m e n t  w i t h i n  t h e  s a m p l e .  The o r i e n t a t i o n  o f  
t h e  c l a y  p l a t e l e t s  p a r a l l e l  t o  t h e  samp le  s u r f a c e  p o s i t i o n s  t h e  " C "  
c r y s t a l l o g r a p h i c  a x i s  p e r p e n d i c u l a r  t o  t h e  s a m p l e  s u r f a c e .  Because  t h e  
d i a g n o s t i c  i n t e r p l a n a r  s p a c i n g  f o r  t h e  c l a y  m i n e r a l s  i s  a l o n g  t h e  " C "  
c r y s t a l l o g r a p h i c  d i r e c t i o n ,  s u c h  an o r i e n t a t i o n  i s  i d e a l  f o r  c l a y  
m i n e r a l  i d e n t i f i c a t i o n .  The s i m p l e s t  m e t h o d  t o  moun t  a l o w  t e m p e r a t u r e  
a s h  f o r  X R D  a n a l y s i s  i s  t o  p r e s s  t h e  a s h  o n t o  t h e  s u r f a c e  o f  a p e l l e t  
p r e p a r e d  f r o m  t h e  c o a l  f r o m  w h i c h  t h e  a s h  was d e r i v e d .  

FUTURE PROSPECTS 

A few y e a r s  ago, a n d  ad h o c  g r o u p  o f  w o r k e r s  i n t e r e s t e d  i n  c o a l  
m i n e r a l s ,  The M i n e r a l  M a t t e r  i n  C o a l  Group ,  p r e p a r e d  and d i s t r i b u t e d  a 
r o u n d - r o b i n  l o w  t e m p e r a t u r e  a s h  t o  t e n  l a b o r a t o r i e s .  Each  l a b o r a t o r y  
was t o  p r e p a r e ,  moun t  a n d  q u a n t i f y  t h e  m i n e r a l  componen ts  i n  t h e  a s h  by 
t h e i r  r e s p e c t i v e  X R D  t e c h n i q u e s .  The d a t a  w e r e  t h e n  compared.  Even 
t h o u g h  a w i d e  v a r i e t y  o f  t e c h n i q u e s  was u s e d  f o r  each  p h a s e  o f  t h e  
a n a l y s i s ,  w i t h  t h e  e x c e p t i o n  o f  t h e  c l a y  m i n e r a l  e s t i m a t e s  made by  one 
l a b o r a t o r y  ( s i g n i f i c a n t l y  l o w e r  t h a n  t h e  o t h e r s )  a n d  t h e  p y r i t e  
e s t i m a t e  made by  a n o t h e r  ( t o o  h i g h ) ,  t h e  d a t a  compared  r e a s o n a b l y  
w e l l .  The a v e r a g e s  o f  a l l  t h e  s u b m i t t e d  e s t i m a t e s  a r e  s u m m a r i z e d  i n  
T a b l e  3. 

TABLE 3 .  RESULTS OF R O U N D  ROBIN L.T.A. ANALYSIS 

MINERAL A V E .  CONC. WT% S .DEV . C.V. 

I l l i t e + M i x  L 3 0  
K a o l  i n i t e  1 8  
Q u a r t z  21 
C a l c i t e  10 
P y r i t e  1 8  

7 . 0 7  0 .24  
4.85 0 . 2 7  
6.31 0.30 
3.59 0.36 
4 . 9 3  0 . 2 7  
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A n o t h e r  o b j e c t i v e  o f  t h e  e x e r c i s e  was t o  d i s c u s s  t h e  r e s u l t s  and  
p r o c e d u r e s  u s e d  a n d  come t o  some a g r e e m e n t  on a " s t a n d a r d "  p r o c e d u r e  
f o r  samp le  p r e p a r a t i o n ,  m o u n t i n g  a n d  q u a n t i f i c a t i o n  t h a t  w o u l d  be 
a c c e p t a b l e  t o  a l l  t h e  w o r k e r s .  The a g r e e m e n t  t h a t  was r e a c h e d  was t h a t  
n o  a g r e e m e n t  w o u l d  b e  f o r t h c o m i n g  o n  o f  t h e  p h a s e s  o f  t h e  
a n a l y s i s .  W i t h  n o  o n e  p r o c e d u r e  d e m o n s t r a t a b l y  b e t t e r  t h a n  t h e  o t h e r ,  
e a c h  l a b o r a t o r y  was e x p e c t e d  t o  m a i n t a i n  t h e i r  own p r o c e d u r e .  As l o n g  
a s  a p r o c e d u r e  i s  s c i e n t i f i c a l l y  and  a n a l y t i c a l l y  sound  a n d  r e f l e c t s  a 
t h o r o u g h  u n d e r s t a n d i n g  o f  t h e  c h a r a c t e r i s t i c s  o f  m i n e r a l s  c o n t a i n e d  i n  
c o a l  and t h e  r e q u i r e m e n t s  and  l i m i t a t i o n s  o f  x - r a y  d i f f r a c t i o n ,  one 
p r o c e d u r e  w i l l  p r o b a b l y  be as  good  a s  a n o t h e r  b u t  n o n e  w i l l  b e  b e t t e r  
t h a n  s e m i - q u a n t i t a t i v e .  W i t h  a l l  i t s  s h o r t c o m i n g s ,  x - r a y  d i f f r a c t i o n  
i s  s t i l l  t h e  b e s t  a n d  m o s t  p r a c t i c a l  m e t h o d  f o r  t h e  e s t i m a t i o n  o f  t h e  
a b u n d a n c e  o f  t h e  i n d i v i d u a l  m i n e r a l s  i n  c o a l .  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10.  
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TABLE 1 

C O M M O N  COAL MINERALS 

M i n o r  4 

K a o l i n i t e  A l , S i 2 0 5 ( 0 H ) 4  
I l l i t e  a 
M i x e d  L a y e r  b 

L 

C a r b o n a t e s  

D i s u l f i d e s  

S u l f a t e s  

F e l d s p a r s  

C a l c i t e  CaC03  
D o l  o m i t  e ( C a , M g )  (CO 12 
A n k e r i t e  C a (  F e , M g ) C d 3  
S i d e r i t e  F e C 0 3  

F e S 2  ( c u b i c )  { k ~ ' , ~ " , i t e  F e S  
( g r t h o r h o m b i c )  

' C o q u i m b i t e  F e  ( S O 4 1 3  9 H z 0  
S z m o l n o k i t e  F e $ 0 4  H 0 
G y p s u m  c a s 0 4  2 i 2 0  
B a s s a n i t e  c a s 0 4  9820 
A n h y d r i t e  C a s 0 4  
J a r o s  i t e K F e 3 ( S 0 4 ) 2  (OH16 

P1 a g i  o c l  a s e  

O r t h o c l a s e  K A l S i 3 6 8  
( N a C a ) A l  ( A 1 S i ) S i  08 

a I l l i t e  h a s  a c o m p o s i t i o n  s i m i l a r  t o  m u s c o v i t e -  
K A ~ ~ ( S ~ ~ A ~ ) O ~ I ~ ( O H ) ~ ,  e x c e p t  f o r  l e s s  K +  a n d  m o r e  S i 0 2  a n d  H20 

b M i x e d  l a y e r e d  c l a y s  a r e  u s u a l l y  r a n d o m l y  i n t e r s t r a t i f i e d  
m i x t u r e s  o f  i l l i t i c  l a t t i c e s  w i t h  m o n t m o r i l l o n i t i c  a n d / o r  
c h l  o r i  t i  c 1 a t t  i c e s .  
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INTRODUCTION 

Although t r a c e  element data e x i s t  f o r  thousands o f  coal  samples, more w i l l  be 
requ i red  t o  b e t t e r  e l u c i d a t e  t r a c e  element t rends  w i t h i n  coal  bas ins and t o  he lp  
dec ipher  t h e  geo log ica l  and geochemical c o n t r o l s  on t r a c e  element d i s t r i b u t i o n  and 
mode o f  occurrence. However, increased numbers o f  analyses w i l l  no t  necessa r i l y  
p r o v i d e  a l l  t h e  answers. We run  t h e  r i s k  o f  ending up i n f o r m a t i o n  r i c h  but  knowl- 
edge poor. 

t h e  l i t e r a t u r e .  
coal  (1-4). 
va lue i n  e l u c i d a t i n g  j u s t  one aspect o f  coal  geochemistry: 
t r a c e  element v a r i a t i o n s .  

below 0.1 w t .  % (1000 ppm). Desp i te  concen t ra t i ons  i n  t h e  p a r t s - p e r - m i l l i o n  range, 
c e r t a i n  t r a c e  elements can have a s i g n i f i c a n t  impact on coal  u t i l i z a t i o n .  F o r  
example, t h e  c h a l c o p h i l e  elements As, Cd, Hg, Pb, and Se, which a re  re leased du r ing  
coal  combustion o r  leached f rom coal  waste products ,  can present  s i g n i f i c a n t  en- 
v i ronmenta l  hazards; halogens such as C1 and F can cause severe b o i l e r  corros ion,  
and v o l a t i l i z e d  N i  o r  V can cause co r ros ion  and p i t t i n g  o f  meta l  sur faces.  More- 
over ,  a l though n o t  s t r i c t l y  a t r a c e  element, sodium, even i n  smal l  concentrat ions,  
can c o n t r i b u t e  t o  b o i l e r  f o u l i n g  o r  t o  agglomerat ion o f  f l u i d i z e d - b e d  reac to rs .  On 
t h e  p o s i t i v e  s ide ,  some t r a c e  elements (e.g., G e ,  Zn, U, Au) may e v e n t u a l l y  prove t o  
be economic by-products ,  and o t h e r s  may be u s e f u l  i n  h e l p i n g  t o  understand deposi- 
t i o n a l  environments (e.g., B )  and t o  c o r r e l a t e  coal  seams (5,6). 

emiss ion spectroscopy. Recent s tud ies  (3,4,12,13) have employed q u a n t i t a t i v e  m u l t i -  
element i ns t rumen ta l  methods. 
s u i t e d  f o r  c e r t a i n  elements than  f o r  o thers,  a combinat ion o f  methods i s  u s u a l l y  
necessary t o  determine a l l  elements o f  i n t e r e s t .  Methods f o r  de te rm in ing  t r a c e  
elements i n  coal must be accurate and p rec i se .  
should determine a l a r g e  number o f  elements o f  i n t e r e s t  s imul taneously ,  r e q u i r e  
r e l a t i v e l y  l i t t l e  sample p repara t i on ,  be capable o f  automation, produce an output  
compat ib le  w i t h  computer ized data process ing,  and be rap id .  

Trace element concen t ra t i ons  i n  coa l  show v a r i a t i o n s  f rom a microscopic  t o  a 
wor ldwide scale.  
a t i o n s  Occur w i t h i n  and between coal  bas ins.  The r e s t  o f  t h e  paper w i l l  d iscuss 
f a c t o r s  t h a t  cause these  v a r i a t i o n s ,  

The purpose of t h i s  paper i s  t o  g i v e  our  a n a l y s i s  o f  coal  t r a c e  element data i n  
Several va luab le  comp i la t i ons  o f  t r a c e  element data e x i s t  f o r  U.S. 

t h e  f a c t o r s  i n f l u e n c i n g  
We have borrowed f r e e l y  f rom these  comp i la t i ons  t o  i l l u s t r a t e  t h e i r  

Trace elements a r e  g e n e r a l l y  de f i ned  as those elements w i t h  concen t ra t i ons  

I n  e a r l y  s tud ies  o f  t r a c e  elements i n  coa l  ( 7 - 1 1 ) ,  coal  ash was analyzed us ing  

Because a p a r t i c u l a r  a n a l y t i c a l  t echn ique  i s  b e t t e r  

I n  a d d i t i o n ,  i f  poss ib le ,  they 

From a resource e v a l u a t i o n  pe rspec t i ve ,  t h e  most s i g n i f i c a n t  v a r i -  
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DISCUSSION 

Ash Re la ted  V a r i a t i o n s  

The amount o f  ash i n  a coa l  i s  a ma jor  f a c t o r  i n f l u e n c i n g  t r a c e  element con- 
t e n t .  I n  general,  t r a c e  element concent ra t ions  inc rease as ash conten t  inc reases .  
Th is  r e l a t i o n s h i p  r e f l e c t s  t h e  f a c t  t h a t  most i n o r g a n i c  elements i n  coal  a r e  assoc i -  
a ted  w i t h  minera ls  (5) .  F igures  1 and 2 i l l u s t r a t e  t h i s  r e l a t i o n s h i p  f o r  K i n  
eas tern  Kentucky coa ls  and f o r  T i  i n  coa ls  f rom t h e  U i n t a  Region. 

among coa l  basins. Table I compares t r a c e  element da ta  f o r  coa ls  f rom t h e  Black 
Mesa F i e l d ,  t h e  Powder R i v e r  Region, and t h e  San Juan Region. As shown i n  Table I, 
t h e  concent ra t ions  o f  t h e  f o l l o w i n g  elements inc rease as t h e  ash conten ts  o f  t h e  
coa ls  inc rease:  S i ,  A l ,  Na, K, Cu, Th, V, L i ,  Pb, and Se. The reason f o r  t h e  v a r i -  
a t i o n  o f  these elements w i t h  ash conten t  i s  t h a t  most are,  o r  were, assoc ia ted  w i t h  
t h e  s i l i c a t e  ( d e t r i t a l )  m i n e r a l s  brought i n t o  t h e  d e p o s i t i o n a l  basins d u r i n g  t h e  
fo rmat ion  o f  t h e  coals.  Chemical a l t e r a t i o n  o f  m i n e r a l s  w i t h i n  t h e  c o a l  bas in  can 
r e m o b i l i z e  some elements, which then p r e c i p i t a t e  as a u t h i g e n i c  n o n s i l i c a t e  minera ls ,  
e.g., Cu and Pb, as s u l f i d e s  o r  se len ides  (14 ) .  The good c o r r e l a t i o n  between e l e -  
ment concent ra t ion  and ash conten t  i n d i c a t e s  t h a t  most elements have remained w i t h i n  
t h e  coal  bas in  d e s p i t e  r e m o b i l i z a t i o n  (15) .  

The above r e l a t i o n s h i p  a l s o  ho lds  when comparing t r a c e  element concent ra t ions  

Table I. Concentrat ions o f  Se lec ted  Elements i n  Coal Samples 

Black Mesa Powder R i v e r  San Juan 

f rom Black Mesa, Powder R i v e r ,  and San Juan Regions' 

Ash, X 
S i ,  % 
A l ,  % 
Ca, X 
Mg. % 
Na, I 
K, % 
Fe, % 
T i ,  X 

8.0 
1.1 
0.69 
0.78 
0.1 
0.09 
0.04 
0.31 
0.05 

9.9 
1.5 
0.78 
1.1 
0.2 
0.1 
0.05 
0.54 
0.04 

Cu, ppm 5.5 
Th, ppm 2.2 
Zn, ppm 5.6 
C r ,  ppm 3 
N i ,  ppm 2 
v,  PPm 7 
Mn, ppm 9.7 
L i ,  ppm 3.9 
Pb, ppm 2.7 
Se ,  ppm 1.6 
Ba, ppm 300 
Sr,  ppm 150 
Nb, ppm 1.5 
Zr ,  ppm 15 15  50 
1Oata f rom Reference 4; r e s u l t s  a r e  c a l c u l a t e d  on a mois tu re-  

f r e e  coal  b a s i s  (mf c o a l ) .  

11.2 
4.3 

20 
7 
5 

1 5  
51 
5.9 
5;6 
1.7 

300 
200 

1.5 

21.1 
5.4 
2.7 
0.67 
0.1 
0.2 
0.16 
0.54 
0.11 

13.3 
5.9 

15.1 
5 
3 

20 
29 
19.7 
13.1 
2 

300 
100 

3 

Elements no t  i n c r e a s i n g  i n  c o n c e n t r a t i o n  w i t h  ash conten t  a r e  g e n e r a l l y  t h o s e  
w i t h  ( a )  organic a f f i n i t i e s  (Ca, Mg, S r ,  Ea); ( b )  s u l f i d e  a f f i n i t i e s  (Fe, Zn); ( c )  
carbonate a f f i n i t i e s  (Ca, Mn, Mg); o r  (d )  s u l f a t e  a f f i n i t i e s  (Ba, Sr, Ca). Su l -  
f i d e s ,  carbonates, and s u l f a t e s  are  g e n e r a l l y  e p i g e n t i c  phases. Presence o f  t h e s e  
phases a f fec ts  element c o n c e n t r a t i o n  more than ash content.  The concent ra t ions  o f  
Zr and Nb would be expected t o  inc rease w i t h  ash conten t .  The reason t h a t  t h i s  
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I 

1 

/ 

I 

behavior i s  no t  apparent i n  Table I may be t h e  poor  r e s o l u t i o n  o f  t h e  technique 
( s e m i q u a n t i t a t i v e  spec t rograph ic  a n a l y s i s )  used t o  o b t a i n  t h e  data.  

Rank-Re1 a ted  V a r i a t i o n s  
I 

Several elements e x h i b i t  a d i s t i n c t  v a r i a t i o n  i n  c o n c e n t r a t i o n  w i t h  coa l  rank. 
Table I 1  i l l u s t r a t e s  t h e  general  decrease i n  c o n c e n t r a t i o n  o f  a l k a l i n e - e a r t h  
elements (Mg, Ca, S r ,  Ba), Na, and B w i t h  i n c r e a s i n g  coal  rank. It i s  genera l l y  
accepted t h a t  these elements a r e  assoc ia ted  w i t h  organ ic  f u n c t i o n a l  groups (e.g. ,  
c a r b o x y l i c  a c i d s )  i n  low-rank coals.  With i n c r e a s i n g  coal  rank, t h e s e  groups a r e  
destroyed, thus  d i s p l a c i n g  o r g a n i c a l l y  assoc ia ted  i n o r g a n i c  t r a c e  elements. 

Tab le  11. Rank-Related V a r i a t i o n s ’  

A n t h r a c i t e  Bi tuminous Subbituminous L i g n i t e  

Ca, % 0.07 0.33 0.78 
Mg, % 0.06 0.08 0.18 

B, ppm 10 50 70 
300 
100 

Na, % 0.05 0.04 0.10 

Ea, ppm 100 100 
Sr, ppm 100 100 
1Oata f rom Reference 1; m f  coal .  

1.2 
0.31 
0.21 

100 
300 
300 

Organic a s s o c i a t i o n  has been proposed f o r  o t h e r  t r a c e  elements, such as Be. Sb, Ge, 
U, and some halogens (3,16). Finkelman (15)  suggests t h a t  o rgan ic  assoc ia t ion  o f  
these elements i s  s i g n i f i c a n t  ma in ly  f o r  low-rank, low-ash coals.  

i n g  amount o f  d e t r i t u s  (F igure  3) .  Also,  n o t e  t h a t  t h e  concent ra t ions  o f  boron de- 
crease w i th  i n c r e a s i n g  ash conten ts  (Table I ) .  

V a r i a t i o n s  Due t o  Geochemical Fac tors  

Concentrat ions of o r g a n i c a l l y  bound elements i n  coal  can decrease w i th  increas- 

Geochemical f a c t o r s ,  such as Eh and pH d u r i n g  and subsequent t o  coal  format ion,  
can have dramat ic e f f e c t s  on t r a c e  element conten ts .  The e f f e c t  o f  these geochem- 
i c a l  f a c t o r s  can be seen i n  Tab le  111, i n  which s e l e c t e d  d a t a  f o r  Appalachian and 
I n t e r i o r  Prov ince  c o a l s  a r e  compared. Coals f rom b o t h  areas a r e  s i m i l a r  i n  rank and 
ash content,  b u t  t h e  I n t e r i o r  Prov ince  coa ls  have s i g n i f i c a n t l y  h i g h e r  contents of 
a l l  s i x  t r a c e  elements. The h i g h e r  conten t  o f  Ca i s  perhaps due t o  carbonate miner- 
a l i z a t i o n  ( h i g h  pH), whereas t h a t  o f  Fe, Cd, Pb, and Zn i s  a t t r i b u t a b l e  t o  s u l f i d e  
m i n e r a l i z a t i o n  ( l o w  Eh).  The h i g h e r  content o f  B i s  perhaps a t t r i b u t a b l e  t o  g rea ter  
marine i n f l u e n c e  ( h i g h  s a l i n i t y ) .  

Tab le  111. Concent ra t ions  o f  Se lec ted  Elements i n  Coal Samples 
f rom Appalachian and I n t e r i o r  Coal Basins 

Ash, % 
Ca, % 
Fe, % 

Appalachian’  

13.3 
0.12 
1.9 

Cd, ppm 0.7 
Pb. ppm 15.3 
Zn. oom 20 

~ , ,  
B, ppm 30 
1Data  f rom Reference 2; m f  coa l .  
2Data  f rom Reference 4; m f  coa l .  

I n t e r i o r 2  

15.7 
1.2  
3.3 

7.1 
55 

373 
100 

30 



The occurrence o f  c l e a t - f i l l i n g  s p h a l e r i t e  and galena i n  t h e  I n t e r i o r  Prov ince  
coa ls  i s  a c l a s s i c  example o f  how e p i g e n t i c  m i n e r a l i z a t i o n  can a f f e c t  t r a c e  element 
content (17).  Dramat ic i n t r a -  and in te rseam v a r i a t i o n s  a r e  common. Cobb (18) r e -  
p o r t s  t h a t  z i n c  conten t  f r o m  benches o f  t h e  H e r r i n  (No. 6 )  coa l  v a r i e d  f rom 20 t o  
14,900 ppm. 

V a r i a t i o n s  Due t o  Geologic Fac tors  

Ash chemistry i s  another  impor tan t  f a c t o r  a f f e c t i n g  t r a c e  element v a r i a t i o n s .  
I t s  i n f l u e n c e  i s ,  however, g e n e r a l l y  more s u b t l e  than t h e  o t h e r  f a c t o r s .  
Table I V  t h e  t r a c e  element conten ts  a r e  compared f o r  Appalachian Prov ince  coa ls  and 
Wasatch P la teau coals.  Both  a r e  bi tuminous coa ls  w i t h  s i m i l a r  ash conten ts  and 
rank. 
coa ls  a re  lower  than those o f  Appalachian coa ls .  The lower  conten t  o f  c h a l c o p h i l e  
elements i n  Wasatch coa ls  may be due t o  a lower  p y r i t e  conten t .  The lower  concen- 
t r a t i o n  o f  l i t h o p h i l e  elements (e.g., L i ,  Z r ,  Nb, Th, Sc, Y )  b u t  h i g h e r  S i  con ten t  
may r e f l e c t  a h i g h e r  q u a r t z  conten t  i n  t h e  d e t r i t a l  component o f  Wasatch coa ls ;  
t h i s ,  i n  t u r n ,  may be a r e f l e c t i o n  o f  d i f f e r e n c e s  i n  t h e  minera logy  o f  t h e  source 
rocks. 

I n  

However, w i t h  a few except ions,  t h e  t r a c e  element conten ts  o f  t h e  Wasatch 

Table I V .  Concent ra t ions  o f  Se lec ted  Elements i n  Coal Samples 
f rom Appalachian Prov ince  and Wasatch Coal F i e l d  

Appalachian'  Wasatch2 

Ash, % 13.3 11.3 
Ca, % 0.2 0.41 
Fe, % 1.9 0.26 

0.7 
27.6 
15.3 

1.4 
20 
30 

5 
15 
50 
27 
24 
80 
4.9 

100 
7 

20 
3 
5 

20 

0.06 

5.8 
1.2 

16 

11 
100 
0.3 
5 

30 
0.8 
9.3 

67 
1.8 

1.5 

0.7 

70 

10 

3 
15 

10 7 
'Data f rom Reference 6; m f  coa l .  
20ata f rom Reference 19; m f  coal .  

Other Fac tors  A f f e c t i n g  Trace Element Content 

Other f a c t o r s  t h a t  c o u l d  mod i fy  t h e  ash chemis t ry  o r  t h e  a v a i l a b i l i t y  o f  t r a c e  
elements i n c l u d e  t h e  s a l i n i t y  o f  waters i n  contac t  w i t h  t h e  coa l  o r  peat,  t h e  t y p e  
of chemical weather ing process ( a r i d  vs. humid), and h y d r o l o g i c  c o n d i t i o n s  (Br and 
C1 may be e s p e c i a l l y  s e n s i t i v e  t o  t h i s  f a c t o r ) .  
p o o r l y  understood. 

I n  general ,  these f a c t o r s  a re  s t i l l  
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CONCLUDING COMMENTS 

I n  t h i s  paper, we made seve ra l  broad g e n e r a l i z a t i o n s  rega rd ing  f a c t o r s  t h a t  
i n f l u e n c e  t r a c e  element v a r i a t i o n s .  We urge t h a t  i n  i n t e r p r e t a t i v e  work these gen- 
e r a l i z a t i o n s  be a p p l i e d  c a r e f u l l y .  

A c r i t i c a l  e v a l u a t i o n  o f  e x i s t i n g  t r a c e  element data would probably  r e s u l t  i n  
i d e n t i f i c a t i o n  o f  anomalous va lues and e l i m i n a t i o n  o f  suspect data. Several ques- 
t i o n s  might  be answered by such an eva lua t i on ;  f o r  example, do t h e  two K values i n  
t h e  high-ash r e g i o n  o f  F i g u r e  1 d e v i a t e  s i g n i f i c a n t l y  from t h e  t r e n d  o f  t h e  o the r  
data because o f  a n a l y t i c a l  e r r o r s  o r  r e c o r d i n g  e r r o r s ?  Are they  l e g i t i m a t e  geochem- 
i c a l  anomalies? We encourage a n a l y t i c a l  chemists and geo log is t s  t o  i n t e r a c t  c l o s e l y  
because t h i s  i s  one o f  t h e  bes t  ways t o  improve t h e  q u a l i t y  o f  a n a l y t i c a l  methodol- 
ogy and data, and geo log ica l  i n t e r p r e t a t i o n .  

The n a t u r e  o f  t r a c e  element v a r i a t i o n s ,  f o r  whatever cause, h i g h l i g h t s  t h e  
need t o  more j u d i c i o u s l y  s e l e c t  r e p r e s e n t a t i v e  samples f o r  r e l i a b l e  q u a n t i t a t i v e  
analyses. 

S t a t i s t i c a l  techniques,  such as p r i n c i p a l  component ana lys i s ,  should h e l p  i n  
r e s o l v i n g  t h e  i n f l u e n c e  o f  t h e  f a c t o r s  a f f e c t i n g  t r a c e  element v a r i a t i o n s  i n  coal. 

It i s  hoped t h a t  t h i s  paper w i l l  encourage more d e t a i l e d  s tudy o f  f a c t o r s  i n -  
f l u e n c i n g  t r a c e  element v a r i a t i o n s  i n  coals .  
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Figure 1.  Relationship between K concentration in the  coal and 
ash content for  34 coals from eastern Kentucky. R = 0.86. Data 
from Reference 1. 
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Figure 2. Relationship between Ti concentration in the coal a n d  
ash content for  26 coals from the U i n t a  Region. R = 0.86. Data 
from Reference 1 .  
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Figure 3 ,  Relationship between Ca concentration in the coal and  
ash content f o r  17 coals and shales from the Emery Coal Field. 
R = -0.57. Data from Reference 18. 
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ELEMENTAL DISTRIBUTION AND ASSOCIATION WITH INORGANIC 
AND ORGANIC COMPONENTS I N  TWO NORTH DAKOTA LIGNITES 

S.A. Benson, S.K. Falcone, and F.R. Karner 

U n i v e r s i t y  o f  N o r t h  Dakota 
Energy Research Center 

Box 8213, U n i v e r s i t y  S t a t i o n  
Grand Forks,  N o r t h  Dakota 58202 

Introduction 

The assoc ia t ions  o f  major,  minor,  and t r a c e  elements i n  l i g n i t e - b e a r i n g  s t r a t a  o f  
t h e  F o r t  Union Region present  a cha l lenge i n  unders tand ing  t h e i r  geochemical 
r e l a t i o n s h i p s  and h i s t o r y .  I n  an e a r l i e r  work ( l ) ,  t h e  s p a t i a l  p a t t e r n s  o f  
e lemental  d i s t r i b u t i o n  w i t h i n  a l i g n i t e - b e a r i n g  sequence were examined and were 
r e l a t e d  t o  f a c t o r s  o f  accumula t ion  o f  vas t  amounts o f  p l a n t  m a t e r i a l s  and t o  t h e  
d e p o s i t i o n a l  and p o s t - d e p o s i t i o n a l  i n f l u x  o f  i n o r g a n i c  mat te r .  L i g n i t e - b e a r i n g  
sediments, i n c l u d i n g  t h e  l i g n i t e ,  l i g n i t e  overburden, and underc lay ,  were sampled 
f r o m  two beds, t h e  Kinneman Creek and t h e  Beulah-Zap, which a r e  p a r t  o f  t h e  Sent ine l  
B u t t e  Format ion o f  N o r t h  Dakota. These samples were examined t o  determine t h e  
s p a t i a l  p a t t e r n s  o f  e lemental  d i s t r i b u t i o n  w i t h i n  t h e  l i g n i t e  seam, modes o f  
e lemental  occurrence, and o r g a n i c / i n o r g a n i c  a f f i n i t i e s  o f  t h e  i n o r g a n i c  
c o n s t i t u e n t s .  

The i n o r g a n i c  c o n s t i t u e n t s  w i t h i n  l i g n i t e s  f rom t h e  F o r t  Union Region have been 
c l a s s i f i e d  as be ing  v e r y  heterogeneous q), ,which leads  some i n v e s t i g a t o r s  t o  
b e l i e v e  t h a t  t h e  study o f  geochemical r e  a t i o n s h i p s  i s  f u t i l e .  The modes o f  
occurrences o f  t h e  elements a re  g e n e r a l l y  s i m i l a r  f rom one mine t o  another w i t h i n  
t h e  F o r t  Union Region l i g n i t e s  (2). The i n o r g a n i c  m a t t e r  i n  t h e  l i g n i t e s  i s  
d i s t r i b u t e d  as adsorbed i o n s  on t h e  organ ic  a c i d  groups, coord ina ted  species, 
d e t r i t a l  m inera ls ,  and a u t h i g e n i c  minera ls .  The d i s t r i b u t i o n  o f  elements i s  
determined by n a t u r a l  processes, and, t h e r e f o r e ,  i s  expected t o  be sys temat ic  even 
though complex. 

The methods t o  q u a l i t a t i v e l y  i d e n t i f y  t h e  i n t e r r e l a t i o n s h i p s  o f  major,  minor, 
and' t r a c e  elements i n c l u d e  examining t h e  s p a t i a l  p a t t e r n s  o f  d i s t r i b u t i o n  o f  
elements w i t h i n  a s t r a t i g r a p h i c  sequence ( l ) ,  c o n s i d e r a t i o n  o f  r e s u l t s  o f  chemical 
f r a c t i o n a t i o n  procedures e), and e v a l u a t i o n  o f  o r g a n i c / i n o r g a n i c  a f f i n i t i e s  $y. The s p a t i a l  p a t t e r n  o f  e lemental  d i s t r i b u t i o n  was c o r r e l a t e d  w i t h  the  
c emical  f r a c t i o n a t i o n  behav io r ,  o r g a n i c / i n o r g a n i c  a f f i n i t i e s ,  and i o n i c  p o t e n t i a l s  
of elements t o  i n f e r  t h e  a s s o c i a t i o n  o r  combinat ion o f  a s s o c i a t i o n s  an element may 
have w i t h i n  these coals.  

Methods and Procedures 

The samples were c o l l e c t e d  f rom f r e s h l y  exposed faces w i t h i n  open p i t  mines. The 
l i g n i t e ,  l i g n i t e  overburden, and underc lay  were c o l l e c t e d  f rom two p i t s  a t  the  
Beulah Mine where l i g n i t e  i s  mined f rom t h e  Beulah-Zap seam. Samples were a l s o  
c o l l e c t e d  f rom t h e  Kinneman Creek seam i n  t h e  Center mine. The sample c o l l e c t i o n  
procedures have been summarized by Karner ( 7 )  and Benson E). Bulk channel samples 
Were a l s o  c o l l e c t e d  and homogenized t o  p r o v i d e  l a r g e  q u a n t i t i e s  f o r  a d d i t i o n a l  
experiments. 

The l i g n i t e  samples c o l l e c t e d  a t  v a r i o u s  i n t e r v a l s  w i t h i n  t h e  s t r a t i g r a p h i c  
sequence were sub jec ted  t o  t h e  f o l l o w i n g  analyses: proximate,  u l t i m a t e ,  heat ing  
value, ash ana lys is ,  and t r a c e  element a n a l y s i s  by neut ron  a c t i v a t i o n  a n a l y s i s  (NAA) 
(9) and x-ray f luorescence (10). Minera ls  i n  t h e  c o a l  and t h e  assoc ia ted  sediments 
were determined by x - ray  n f f r a c t i o n  and by scanning e l e c t r o n  microscopy and 
e l e c t r o n  microprobe a n a l y s i s .  A s p l i t  f rom t h e  b u l k  sample was examined b y  chemical 
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f r a c t i o n a t i o n  t o  s e l e c t i v e l y  e x t r a c t  i n o r g a n i c  c o n s t i t u e n t s  based on how they  are  
bound i n  t h e  coa l .  B r i e f l y ,  t h e  chemical f r a c t i o n a t i o n  procedure i n v o l v e s  
e x t r a c t i n g  t h e  coal  w i t h  1M ammonium a c e t a t e  t o  remove s o l u b l e  and ion-exchangeable 
i n o r g a n i c  components. The c o a l  i s  subsequent ly e x t r a c t e d  w i t h  1 M  h y d r o c h l o r i c  a c i d  
t o  remove elements present as carbonates, oxides, o r  coord ina ted  species. The 
e x t r a c t s  and res idues  f rom t h e  chemical f r a c t i o n a t i o n  procedure are  analyzed by a 
combinat ion o f  NAA, XRF, i n d u c t i v e l y  coupled argon plasma ( I C A P ) ,  and atomic 
absorp t ion  spectroscopy ( A A ) .  

Results and D iscuss ion  

The major, minor,  and t r a c e  element de terminat ions  a long w i t h  l o c a t i o n s  w i t h i n  t h e  
seams and l i t h o l o g y  o f  t h e  s t r a t i g r a p h i c  sequence are  summarized i n  Tables I and I 1  
f o r  t h e  Beulah coals. The data f rom Center Mine s t r a t i g r a p h i c  sequence was 
summarized i n  a p rev ious  r e p o r t  by Karner and o t h e r s  (l). 

I n  prev ious  work (1 ) .  t h e  s p a t i a l  d i s t r i b u t i o n  o f  e lemental  c o n s t i t u e n t s  has 
been descr ibed as f i t t i T g  i n t o  several  p a t t e r n s :  1) c o n c e n t r a t i o n  a t  one o r  bo th  
margins, 2 )  even d i s t r i b u t i o n ,  and 3 )  r e g u l a r  p a t t e r n s .  The v a r i o u s  ways i n o r g a n i c  
c o n s t i t u e n t s  accumulated i n  t h e  l i g n i t e  d u r i n g  and a f t e r  d e p o s i t i o n  a f f e c t  where 
c e r t a i n  elements w i l l  concent ra te  w i t h i n  t h e  seam. The d e t r i t a l  c o n s t i t u e n t s  
c a r r i e d  i n  by wind and water  w i l l  most l i k e l y  be enr iched near t h e  margins of the  
coal  seam. Inc luded i n  t h i s  group o f  i n o r g a n i c  c o n s t i t u e n t s  a re  c l a y  minera ls ,  
quar tz ,  and v o l c a n i c  ash. S o l u t i o n s  c o n t a i n i n g  i o n s  f l o w i n g  th rough t h e  l i g n i t e  can 
exchange w i t h  t h e  coa l  m a t r i x  and p r e c i p i t a t e  as s t a b l e  a u t h i g e n i c  phases. 
I n o r g a n i c  c o n s t i t u e n t s  a re  a l s o  present  i n  t h e  o r i g i n a l  p l a n t  m a t e r i a l  t h a t  was 
deposi ted.  Even p a t t e r n s  o f  e lemental  d i s t r i b u t i o n  are  c h a r a c t e r i s t i c  o f  
o r g a n i c a l l y  bound elements. I r r e g u l a r  d i s t r i b u t i o n  p a t t e r n s  are  c h a r a c t e r i s t i c  of 
concent ra ted  occurrences o f  a u t h i g e n i c  minera ls .  

Table I i n c l u d e s  da ta  f rom two seams w i t h i n  t h e  south  Beulah mine. Table I 1  
summarizes t h e  data f rom a high-sodium p i t  (Orange P i t )  o f  t h e  Beulah mine. The 
Center mine data used i n  t h i s  work was repor ted  by Karner and o t h e r s  E). 

I n  t h i s  study, t h e  s p a t i a l  p a t t e r n s  o f  enr ichment and d e p l e t i o n  o f  major, 
minor,  and t r a c e  elements have been expanded t o  i n c l u d e  f o u r  c a t e g o r i e s :  1) even 
d i s t r i b u t i o n ,  2 )  enr ichment a t  margins ( top ,  bottom, o r  bo th) ,  3 )  enr ichment a t  the  
center  o f  t h e  seam, and 4 )  i r r e g u l a r .  The p a t t e r n s  o f  enr ichment and d e p l e t i o n  are  
l i s t e d  i n  Table 111 f o r  Beulah and Center mine l i g n i t e  seams. 

The b u l k  c o a l s  were sub jec ted  t o  chemical f r a c t i o n a t i o n  a n a l y s i s  (3) which can 
be used t o  c a t e g o r i z e  how a p a r t i c u l a r  element i s  assoc ia ted  i n  t h e  coal .  The 
elemental  a s s o c i a t i o n s  w i t h i n  t h e  c o a l  were d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :  1) i o n -  
exchangeable, 2,) ac id -so lub le ,  and 3 )  r e s i d u a l .  The elements a r e  a s s o c i a t e d  i n  t h e  
coa l  i n  one o r  more o f  t h e  groups descr ibed above. The c a t e g o r i e s  f o r  t h e  elements 
a re  l i s t e d  i n  Table 111. 

The organ ic  and i n o r g a n i c  a f f i n i t i e s  o f  elemental c o n s t i t u e n t s  have been 
determined by a number o f  i n v e s t i g a t o r s  (5.6). The r e l a t i o n s h i p  between the  
c o n c e n t r a t i o n  o f  an element i n  m o i s t u r e - f r e e  and t h e  ash conten t  can be used as 
a guide t o  t h e  a f f i n i t y  o f  t h a t  element f o r ,  o r  i n c o r p o r a t i o n  i n ,  t h e  minera l  m a t t e r  
o r  t h e  carbonaceous m a t e r i a l .  I f  t h e  c o n c e n t r a t i o n  o f  an element inc reases  w i t h  
i n c r e a s i n g  ash conten t  t h a t  element may be c h a r a c t e r i z e d  as b e i n g  assoc ia ted  w i t h  
t h e  i n o r g a n i c  species t h a t  fo rm ash, o r  i n  o t h e r  words may be s a i d  t o  have an 
i n o r g a n i c  a f f i n i t y .  I f  t h e  c o n c e n t r a t i o n  shows no c o r r e l a t i o n  w i t h  ash content,  
t h a t  element may be s a i d  t o  have an organ ic  a f f i n i t y .  L i n e a r  l e a s t  squares 
c o r r e l a t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  f o r  t h e  concent ra t ions  o f  t h e  elements 
versus t h e  ash content.  F o r  example, o rgan ic  and i n o r g a n i c  a f f i n i t i e s  f o r  elements 
from t h e  Center mine i n d i c a t e  t h e  f o l l o w i n g  a f f i n i t i e s .  Seven elements - Na, Ca, 
Mn, Br, Sr, Y ,  and Ba - had c o r r e l a t i o n  c o e f f i c i e n t s  below 0.200 and t h u s  show 
o r g a n i c  a f f i n i t y  i n  t h i s  s u i t e  o f  samples. An a d d i t i o n a l  seven elements - Mg, K, 
CU, As, Rb, Ce, and Eu - had c o r r e l a t i o n  c o e f f i c i e n t s  rang ing  f rom 0.201 t o  0.600 
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and may be assoc ia ted  w i t h  b o t h  the  carbonaceous and m ine ra l  p o r t i o n s  o f  t h e  coal .  
The remain ing 24 elements show i n o r g a n i c  a f f i n i t y .  

The i o n i c  p o t e n t i a l s  o f  a l l  t he  elements, Z/ r ,  where Z i s  t h e  i o n i c  charge and 
r i s  t h e  i o n i c  rad ius,  are summarized i n  Table 111. The i o n i c  p o t e n t i a l s  o f  
elements have a l a r g e  e f f e c t  on the a s s o c i a t i o n  o f  t h e  element i n  m ine ra l - fo rm ing  
processes (13). Elements hav ing  low i o n i c  p o t e n t i a l  ( Z / r  <3), such as sodium, 
magnesium, E d  ca lc ium, a s s o c i a t e  as hydrated ca t i ons .  I n s o l z l e  hyd ro l ysa tes  have 
i o n i c  p o t e n t i a l  o f  3 < Z / r  < 12, which i nc lude ,  f o r  example, t h e  elements aluminum, 
s i l i c a ,  and t i t a n i u m .  

The elements d i s p l a y i n g  an even d i s t r i b u t i o n  w i t h i n  t h e  coal seams have the 
f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  ion-exchangeable, 2 )  o rgan ic  a f f i n i t y  or bo th  organic  
and ino rgan ic ,  and 3) i o n i c  p o t e n t i a l  l e s s  than 3. The elements t h a t  are i nc luded  
i n  t h i s  group a r e  Na, Mg, Ca, Mn, S r ,  and Ba. S l i g h t  v a r i a t i o n s  i n  d i s t r i b u t i o n  
p a t t e r n s  and chemical f r a c t i o n a t i o n  behavior  may be i n d i c a t e d ;  these g e n e r a l i z a t i o n s  
were made on t h e  bas i s  o f  average t rends.  The elements showing enrichment o f  the 
margins i n  t he  l i g n i t e  seams d i s p l a y  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  chemical 
f r a c t i o n a t i o n  suggests a s s o c i a t i o n  w i t h  t h e  a c i d  s o l u b l e  and res idue  p o r t i o n s  o r ,  i n  
some cases, d i s t r i b u t i o n  i n  a l l  t h r e e  groups, 2 )  i n o r g a n i c  a f f i n i t y ,  and 3 )  i o n i c  
p o t e n t i a l  3 < Z / r  < 12. The elements t h a t  have these c h a r a c t e r i s t i c s  i n c l u d e  A l ,  
S i ,  C1, K, Sc, T i ,  V ,  C r ,  Co, Br ,  Zr, Ra, Cs, La, Ce, Sm, Eu, Yb, Th, and U. These 
elements are p r i m a r i l y  a s s o c i a t e d  w i t h  d e t r i t a l  c o n s t i t u e n t s .  The elements t h a t  
have a random o r  i r r e g u l a r  d i s t r i b u t i o n  w i t h i n  the  coal  seams, f o r  t h e  most p a r t ,  
have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  chemical f r a c t i o n a t i o n  behavior  which 
suggests t h a t  t h e  elements are i n s o l u b l e  and remain i n  t h e  res idue,  2 )  i n o r g a n i c  
a f f i n i t y ,  and 3 )  f o r m a t i o n  by a u t h i g e n i c  m i n e r a l i z a t i o n .  The elements i nc luded  i n  
t h i s  group are Fe, N i ,  Zn, As, Se, Cd, and Sb. The i r r e g u l a r  d i s t r i b u t i o n  of these 
elements i s  t he  r e s u l t  o f  syngenet ic  and ep igene t i c  m i n e r a l i z a t i o n  i n  t h e  fo rma t ion  
of s u l f i d e s .  A l l  o f  t hese  elements have c h a l c o p h i l i c  c h a r a c t e r i s t i c s .  

The p o s s i b l e  a s s o c i a t i o n s  o f  t he  elements i nc luded  i n  t h i s  s tudy are g i ven  i n  
Table I V  which summarizes d i s t r i b u t i o n  pa t te rns ,  chemical f r a c t i o n a t i o n  behavior ,  
o rgan ic  and i n o r g a n i c  a f f i n i t i e s ,  and i o n i c  p o t e n t i a l .  
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t a b l e  111. Q u a l i t a t i v e  Geochemlcal Relat ionshipr  Between Geochemical Proper t ies and Elemental D i s t r i b u t i o n  Y i t h i n  Seams 

Na 
n9 
A I  
s i  
P 
S 
c 1  
K 
Ca 
sc 
T i  
v 
C r  
M" 
Fe 
CO 
N i  
C" 
Zn 
Ge 
AS 
se 
Br 
Rb 
sr 
Y 
Zr 
R" 

2 
Sb 
CS 
ea 
La 
Ce 
sm 
E" 
Yb 
Th 
U 

D i s t r i b u t i o n  U i t h i n  L i g n i t e  Seams a t  t h e  Beulah nine 
Beulah Chemical 

Beulah Upper Lower F m c t i o n a t i m  
Orange P i t  Seam Seam Behavior A f f i n l t y  

E E 
E E 
r-tu HR 
1-HA IR 
w I R  
I R  I R  
E E 
E E 
E CE 
I HA 
1-HA IR 
E M 
M MA 
E 1-PA 
IR I R  
8-HA NO 
I R  E 
I R  E 
I R  w 
HI w 
IR IR 
CE I R  
8-HA MA 

E w 
I w 
1-MA w 
E E 
I R  w 
HI E 
I R  8 4 4  
r-w 8-n4 
E 1-HA 
8-HA I R  
8-MA IR 
M HR 
M HR 
I PA 
1-PA HR 
1444 HR 

m w 

Pat terns O f  D l s t r i b u t l m  

CE 
E 
B-HR 
E 
8-HA 
HA 
E 
E 
E 
PA 
8-PA 
8-WI 
8-HA 
T-MA 
8-PA 
ND 
HA 
8-PA 
M 
M 
I R  
8-PA 
CE 
M 
M 
M 
ND 
8-PA 

E 
8-HR 
8-HR 
T-MA 
PA 
8-MA 
E 
n4 
HA 
8-HR 
8-HR 

m 

IE Organic 
IE NC 
AS, RS Inorganic  
RS Inorganic  
w InDPgllniC 
RS.  IE organic 
w NC 
RS. AS Inorganic  
IE. As NC 
RS. AS NC 
RS Inorganic  
AS NC 
R S  I "0Pgd" lc  
AS,  I E  NC 
R S .  AS Inorganic  
AS, R S  Inorganic  
R S  inorganic 
ND lnOrgdniC 
R S  LnOrgdniC 
w w 
R S  Inorganic  
RS Inorganic  
m NC 
w No 
IE organic 
No No 
RS NO 
ND Inorganic 
w w 
RS NC 
RS Inorganic  

IE. AS NC 
RS Inorganic  

AS, R S  inorganic 
As. R S  Inorganic 
As, RS Inorganic 
AS, RS Inorganic  
AS. RS NC 
R S  Inorganic  
AS. R S  lnorganlc  

D i s t r i b u t i o n  W i t h i n  L i g n i t e  Seam at  t h e  Center nine 

P o t e n t i d l  
z/r 

Chemical Ion ic  
F r a c t i a n a t i m  

Behavior' Center 

E 
E 
MA 
HR 
I R  
PA 
8 4 4  
8-n4 
E 
PA 
8-HR 
8 4 4  
8-PA 
E 
HA 
HA 
PA 
8 4 4  
HA 
8-PA 
MA 
8-PA 
ND 
I R  
E 
I R  
HA 
8-HR 
MA 
I R  
8-HA 
8-HR 
HA 
8-HA 
PA 
HA 
PA 
PA 
PA 
PA 

- 
IE 
lE>>As 
AS. RS 
RS 
w 
RS. I E  
la 
I E .  AS. R S  
I E .  As 
As. R S  
RS 
AS. RS 
RS 
AS. I E  
AS 
As, R S  
R S  
R S  
w 
ND 
RS 
RS, I E  
w 
RS. AS 
I E  
w 
w 
NO 
w 
m 
AS. RS 
RS 
L E .  As 
AS. RS 
AS, RS 
AS 
As 

R S  
AS, R S  

'Cheml cal F r a c t i  onat 1 an Behavi or 

E - Even D i s t r i b u t i o n  
HA - E n r l r h m n t  a t  both margin 

7-M - Enrichnent a t  t o p  margin 
8-HA - Enrichment a t  battom m a r g i n  

CE - E n r i c h e n t  a t  t h e  center  o f  the seam 
IR - I r r e g u l a r  

10 - Not Determined 

I E  - Ion-exchangeable 
AS - Acid so lub le 
RS - Remains i n  t h e  res idue 
NC - No C o r r e l a t i o n  

A f  f i n !  t y  

Organlc 

Inorganic  
Inorganic  
Inorganic  
organic 
Inorganic  
Inorganic 
NC 
Inorganic  
Inorganic  
Inorganic 
Inorganic 
NC 
Inorganic  
Inorganic 
Inorganic  
I"0rgd"ic 
Inorganic  
w 
NC 
Inorganic  
0Pgd"lc 
M) 
Organic 
w 
Inorganic  
Inorganic  
Inorganic 

Inorganic  
Inorganic  
NC 
inorganic 
NC 
Inorganic  
NC 
Inorganic  
Inorganic 
Inorganic 

NC 

Inorganic  

1.0 
3.0 
5.9 
9.5 

14.1 
17.1 

0.13 
2.0 
3.7 
5.9 
4.0 
4.8 

2.516.7 
2.114.7 

0.68 
1.8 
3.4 
5.1 
6.0 

2.9 
3.1 
3.2 

3.9 
4.2 
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I, 

T a b l e  I V .  A s s o c i a t i o n  o f  E l e m e n t s  i n  N o r t h  D a k o t a  L i g n i t e s  

E lement  

Na 
Mg 
A1 
S i  
P 

S 
c1 
K 

Ca 
s c  
T i  
V 
Cr 
Mn 
Fe 
c o  
N i  
Zn 
As 
Se 
B r  
Rb 
Sr 
Y 
Zr 
Ru 
Ag 
Cd 
Ba 
La  
Ce 
Sm 
Eu 
Yb 
Th 
U 

P o s s i b l e  A s s o c i a t i o n  

O r g a n i c a l  l y  bound 
O r g a n i c a l l y  bound, c a r b o n a t e s  
C l a y  m i n e r a l s ,  p o s s i b l y  h y d r o x i d e  or c o o r d i n a t e d  
C l a y  m i n e r a l s ,  q u a r t z  
O r g a n i c a l l y  bound, phosphates* ,  a s s o c i a t e d  w i t h  r a r e  
e a r t h  e l e m e n t s  
S u l f i d e s ,  s u l f a t e s ,  o r g a n i c a l l y  bound 
I n o r g a n i c  a s s o c i a t i o n  
A s s o c i a t e d  w i t h  i l l i t e  and o t h e r  k - b e a r i n g  m i n e r a l s ,  
o r g a n i c a l l y  bound 
O r g a n i c a l l y  bound, c a r b o n a t e s  
I n o r g a n i c  a s s o c i a t i o n ,  c l a y  m i n e r a l s  
R u t i l e ,  a s s o c i a t e d  w i t h  q u a r t z  
P o s s i b l y  has  b o t h  an o r g a n i c  a n d  i n o r g a n i c  a s s o c i a t i o n  
T o t a l l y  an  i n o r g a n i c  a s s o c i a t i o n  
O r g a n i c a l l y  bound, c a r b o n a t e  m i n e r a l s  
O x i d e s ,  h y d r o x i d e s ,  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l e  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l e  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
May h a v e  an o r g a n i c  a s s o c i a t i o n  
O r g a n i c a l l y  bound 
O r g a n i c a l l y  bound 
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  c a r b o n a t e s  
Z i r c o n  
I n o r g a n i c  
I n o r g a n i c ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c ,  p o s s i b l y  s u l f i d e s  
O r g a n i c ,  s u l f a t e s  
D e t r i t a l  i n o r g a n i c ,  p h o s p h a t e s *  
D e t r i t a l  i n o r g a n i c ,  p h o s p h a t e s *  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  

* M o n a z i t e  h a s  been f o u n d  i n  B e u l a h  l i g n i t e  samples  (12). 
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COMPOSITION A N D  SIGNIFICANCE 
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INTRODUCTION 

The main purpose of this paper i s  t o  c a l l  a t tent ion to  volcanic 
eruptions as a source of mineral matter in coal. Volcanic material i s  
a p t  t o  have mineral and chemical compositions as well as pat terns  of 
d i s t r ibu t ion  d i f f e r e n t  from the more usual types of mineral matter in 
coal .  Recognition of  volcanic material requires some understandinq of 
the process of or ig in ,  an awareness of the considerable var ie ty  of 
materials involved, and an appreciation of the tendency of volcanic 
materials t o  undergo substant ia l  a l t e r a t i o n  so t h a t  t h e i r  genesis i s  
obscured. 

Some comnents on terminology a r e  necessary. "Volcanic ash partings" 
here re fers  t o  sedimentary uni t s  bounded by organic-rich material (coa l ,  
l i g n i t e ,  o r  organic sha le)  and which were deposited a s  a i r - f a l l  volcanic 
ash with e s s e n t i a l l y  no subsequent t ransport  or mixing with terrigenous 
de t r ia l  s i l i c a t e s  ( c l a y ,  mud and sand) .  No spec i f ic  qrain s ize  or 
composition i s  implied. The term "tephra" i s  now commonly used for 
modern, una1 tered,  uncompacted mater ia l ,  while the term " tuf f"  i s  used 
f o r  the compacted ( rock)  equivalent. 

A volcanic or ig in  i s  obvious where there  i s  g l a s s ,  volcanic phenocrysts, 
charac te r i s t ic  mineralogy, o r  absence o f  terriqenous d e t r i t u s  and lack of 
sedimentary s t ruc tures  formed by moving water. 
however, there  i s  progressive a l t e r a t i o n  and loss  of recognizable volcanic 
features;  the p r o d u c t  i s  generally some kind of c lay uni t .  
term they might be ca l led  a l te red  t u f f s .  
known as bentonites; these a r e  usually montmorillonitic ( smect i t ic ) ,  
light-colored, and s t i c k y  when wet. I n  coals ,  par t icu lar ly  Carboniferous 
coals ,  they a r e  usually kaol in i t ic ,  light-colored and firm. We prefer 
the general term "a1 tered volcanic ash" because there  i s  considerable 
range in physical appearance, oriqinal and secondary mineraloqy, as  well 
a s  in the type of enclosing sediment. 

ORIGIN 

With .increasinq ape, 

As a qeneral 
Ir; marine shales they are  

Volcanic ash par t inqs i n  coals should not be surprisinq. The 
recent eruption of M t .  S t .  Helens spread volcanic ash across several 
western s t a t e s  and t r a c e s  of the d u s i  traveled around the world. 
however, where a recognizable layer  of t h i s  ash i s  l ike ly  t o  be preserved. 
On land, almost a l l  of i t  wi l l  be eroded by wind and water,mixed with 
terrigenous sand and clay,  and ultimately dispersed into lakes or  the 
ocean. An important exception i s  t o  be found in marshes or  swamps, the 
general se t t ing  in which plant  material accumulates t o  eventually become 
coal .  Once deposited in  a coal swamp, an ash f a l l  has a qood chance of 

Consider, 
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remaining undisturbed because the shallow water, lcw stream oradients ,  
lack of r e l i e f ,  and  sediment baffling e f fec ts  of veqetation minimize 
Processes t h a t  could cause reworking. Portions of such swsmps may be s o  
d is tan t  from major streams t h a t  they receive l i t t l e  or  no mud from over- 
bank floods. Thus i t  i s  l ike ly  t h a t  some ash f a l l s  would be b u r i e d  i s  
organic debris  (coa l )  and remain f ree  of non-volcanic material from 
f luvial  sources. 

a s h  partinqs and the coals t h a t  contain them: 
deposition provide one of the best places f o r  preservation o f  a i r - f a l l  
volcanic materials. 

however. 
r e l a t i v s l y  quiet  eruptions of mostly f lu id  lava. 
a human scale ,  these involve m l y  minor inject ion of fine-grained material 
into the upper atmosphere where i t  can be carr ied long distances by 
Prevailing winds. 
eruptive s ty les  are  l ike ly  t o  be important in  producing the t h i n ,  widespread 
uni ts  of ash most commonly preserved i n  the geoloqic record. 
of eruptions i s  re la ted to several fac tors ,  including ges content and 
Geometry o f  the vent. Of most importance here, however, i s  s i l i c a  content: 
s i l i c a  increases the viscosi ty  of maqma and the tendency toward explosive 
eruptions rather than quiet  flows. Thus volcanic a s h  partinqc in coals  
a r e  primarily the product of such s i l i c a - r i c h  eruptions; t h i s  has  important 
consequences in terms of the composition of the ash, as  will be discussed 
l a t e r .  

F I E L D  APPEARANCE OF V O L C A N I C  ASH PARTINGS IN COALS 

I t  follows then t h a t  there i s  a genetic re la t ionship between volcanic 
environments of coal 

Not a l l  kinds of volcanic ash  have the same chance of such preservation, 
Many volcanoes, such as those in Haweii, a r e  characterized by 

Though spectacular on 

Only volcanoes characterized by par t icu lar ly  violent  

The explosiveness 

Most vclcanic a s h  partings are  th in ,  rangjnp from 1 mn t o  a few cm. 
A few, however, a t t a i n  thicknesses of more t h a n  1 m. Sone are uniform 
in thickness and have e i t h e r  sharp or  gradational boupdaries with the 
enclosing coal. Many, however, pinch and swell rapidly and may cons is t  
of a se r ies  cf lenses ra ther  than continuous beds, a feature they share 
Mith Carboniferous tonsteins  (Williamson, 197C). Liqht shades of Way, 
brown, o r  yellow a r e  most common, ref lect ing a lower orqanic content 
t h a n  the adjacent coal. Black and d a r k  brown partings a l so  occur, and  
sometimes these bcconie obvious Only a f t e r  weathering; the oxidation of 
organic matter then resu l t s  in  a light-colgred surface layer o f  s i l iceous  
mater ia l .  Figure 1 shows the most common f i e l d  appearance; i n  t.his case 
for a Cretaceous example from southern Alaska. 

To a large extent the orain s ize  and degree of induration of these 
partings depends upon the amount of post-depositional a l t e r a t i o n ;  t h i s  
in turn i s  largely a function cf aqe and d e p t h  of burial .  For example, 
l igni- tes  almost 4-5 m.y. old in southern Alaska contain partinqs t h a t  
a re  loose and sandy;.in f a c t  they a re  c lear ly  recognizable volcanic ash  
consisting mostly of glass  shards. 
in Kentucky bituminous coal a re  hard and very f ine  grained. 
was s imilar  t o  the Alaskan exaiiiple a t  f i r s t ,  b u t  has completely a l te red  
t o  a compact variety of kaolin known as f l i n t  clay. 

I 

I n  cont ras t ,  300 m.y. o l d  partinqs 
The l a t t e r  probably 
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COMPOS 1'1 ION 

Composition of the psrtings i s  a function of both  the oriqinal 
materia-Is arid conditions, and  the kind and extent of post-depositional 
modification. Therefore i t  i s  necessary t o  consider the primary conposition 
(or ig ina l )  separately from the secondary composition ( a l t e r e d ) .  

Primary Composition 

The sol id  products of explosive volcanism include individual glass  
fragments, individual c rys ta l s  (phenocrysts), and aayregates of these 
known as rock fragments. Glass i s  perhaps the most common component b u t  
there  i s  a great  var ie ty  aiiiong modern volcanics. A given volcano may 
e j e c t  different  material over i t s  eruptive l i fespan.  Even a s ingle  
eruption, las t ing  perhaps only a few days, mey iwolve  changes in ash 
composition. 

components. By f a r  t h e  most abundant are quartz, sanidine and plaqioclase 
feldsphrs, cer ta in  pyroxenes and amphiboles, magnetite, a p a t i t e ,  b i o t i t e ,  
and  zircon. 
const i tute  evidence of a volcanic or igin.  Certain crystal  forms, such 
a s  the beta form of quartz and hexagon31 prisms of b i o t i t e ,  a re  par t icular ly  
useful indicators  of or jg in .  Similarly, the presence o f  sanidine, the 
hiah-temperature form of potassium feldspar ,  silngests a volcanic or ig in .  
On the other h a n d ,  the presence of fion-volcanic minerals such as  muscovite 
and  garnet indicates  a non-volcanic or igin cir a t  l e a s t  some admixture of 
non-volcanic (probably f luvial  ) material .  

the magma. As noted e a r l i e r ,  explosive behavior, the kind most l i k e l y  
to  produce ash  par t inos in coals ,  i s  charac te r i s t ic  of s i l i c a - r i c h  
maqmas. Thus  the minerals c i ted above, and those to  be expected in  
volcanic ash par t ings,  are  those associated with s i1  ica-r icb magmas. 
The glass phase w i l l ,  o f  course, a l so  re l fec t  th i s  s i l i c a - r i c h  tendency. 

Original grain s i z e  of an ash parting re f lec ts  the texture  of the 
material produced by a given vol'cano plus the progressive loss  of coarser 
and denser components a s  a n  ash clcud moves downwind. I n  other words, 
texture i s  in par t  a function of distance from the source volcano. By 
f a r  the most common ash partings in coal are thin,  uniform and widespread. 
These probably were derived from dis tan t  volcanoes a n d  consisted or iq ina l ly  
of s i l t -and clay-sized par t ic les  carr ied by liigh-a1 t i t u d e  winds .  Conversely, 
w h e r e  ash partings are coarse-grained, thick, a n d  a b u n d a n t ,  the volcatiic 
source i s  assumed t o  have been re la t ive ly  close. 

Volcanic ashes a r e  characterized by a limited s u i t e  of mineral 

The presence of these micerals and the absence of others  

The specif ic  minerals present r e f l e c t  the original compositions of 

Secondary Composition 

The primary composition discussed above i s  important here in t h a t  
i t  determines in par t  the f inal  products of a l te ra t ion .  I t  should be 
noted, however, that  the  factors  controlling t h e  degree and direct ion of 
a l te ra t ion  have n o t  been thorouqhly studied. I n  our opinion, chemical 
a l te ra t ion  in the environment of deposition and  the lencrth of  time 
involved are  probably more important t h a r l  original composition in deteriiiinins 
the final product. 
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I 

The main secondary products a re  c lay niinerals, e i t h e r  smectite o r  
kaol ini te .  These clay minerals are derived mainly and most readi ly  from 
glass ,  but. fe ldspars ,  amphiboles, pyroxenes, and b i o t i t e  a l so  a l t e r  in 
Part to clay minerals. The a l te rd t ion  to  kaol ini te  involves e s s e n t i a l l y  
complete removal of soluble components such as  Na, Ce, Mq, K and Fe a s  
well as considerable s i l i c a .  Pure kaol ini te  consis ts  cf equal par ts  of 
s i l i c a  and alumina an: v i r tua l ly  nothing else-- this  i s  t h u s  the  product 
Of  very intensive leaching. Smcctite on the other hand requires some Mq 
and more s i l i c a ;  i t  i s  thus the product of less  intensive leaching than 
t h a t  whjch produces kaol ini te .  

kzol ini te  or must pass through a smectite intermediate staqe. 
the thickness of the  original ash can play a ro le :  
a l tered completely t o  kaol ini te  while adjacent thicker partinas contairl 
substantia: smectite (Triplehorn and Bohor, 1981 ; Reinink-Smith, 1982). 
C-iven more time and fur ther  leaching, these smectitic partinqs presumably 
would eventually be al tered t o  kaol ini te .  O n  the other hand, individual 
minerals such as feldspars and b i o t i t e  cdn be observed a l te r ing  d i rec t ly  
t o  kaol ini te  without any smectite involvement. 

var ie ty  of other  secondary minerals may occur in a l tered volcanic 
ash partings. Some of these may be related t o  modification of the 
primary constituents b u t  others are  more l ike ly  introduced by ground 
water taking advantage of the higher permeabil i t i e s  of volcanic ash 
layers  re la t ive  t o  the adjacsnt. organic material (now coal ) .  Carbonate 
minerals in quant i t ies  t o o  large t o  have been derived en t i re ly  from the 
primary volcanic material are not uncmmon. S ider i te  i s  most abundant 
althcugh dolomite sometimes i s  present. Such cementation may obscure 
the  volcanic origin of the original layer because well cemented par t inas  
a r e  s imilar  in appearance t o  the purely sedimentary carbonate layers  
tha t  are very commonly associated with coals. 

Recently occurrences of unusual a1 uminum phosphate minerals have 
been found with ash partings ii1 coals (Triplehorn and Bohor, 1983). 
Since that  report we have found a nunber of occurrences in Alaska and 
one in  the Appalachian area.  These minerals were grouped by Palache 
a l .  (1951) as the plumbogummite ser ies ,  with the general formula X 
q ( P O  )2 (OH)  F 0 .  
X = S r j ,  gorc2iaite (Ba), c randal l i te  ( C a ) ,  and f lorenc i te  (Ce, U ,  and 
other rare e a r t h s ) .  Some layers in Alaska are  suf f ic ien t ly  radioactive 
t o  give a d is t inc t  reading on hand-held radiation detectors  in the  
f i e l d .  

DISTRIBUTION 

I t  i s  uncertain whether the path of a l te ra t ion  can lead d i r e c t l y  t o  
Certainly 

thin par t ings may be 

End members of in te res t  here include cloyazite (where 

pecause many geologists a re  not aware t h a t  volcanic a s h  partinqc 
occur in coals i t  i s  d i f f i c u l t  to  in te rpre t  the absence of published 
reports regarding t h e i r  occurrences. 
probably much greater  than presently recoqnized. 
regarding the i r  dis t r ibut ion are  mainly limited t o  Ncrth America and a re  
based primarily on o u r  own observations, discussions with others ,  and 
interpretat ion of published reports .  Specific references t o  recognized 
~,olcanic ash parting5 in coals are  re la t ive ly  few and res t r ic ted  mostly 
to  the past few years. 

The abundance o f  such partinqs i s  
The followinq genera l i t i es  
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I n  simple terms ash partings are  re la t ive ly  a b u n d a n t  in Cretaceous 
and Tertiary coals  of the  West and rare in Carboniferous coals of the 
East. We are  l e s s  c e r t a i n  of the Gulf Coast Tert iary l ign i tes  b u t  they 
appear to have  a t  l e a s t  a moderate abundance of such partinqs. TG a 
degree t h i s  apparent d i s t r ibu t ion  i s  related t o  the fac t  tha t  the volcanic 
or ig in  of the younger ash beds i s  more apparent, while older partings 
commonly appear as  k a o l i n i t i c  clay beds with l i t t l e  evidence of t h e i r  
volcanic heritage ( see  Bohor and Tripleborn, 1981). 
no question t h a t  the absolute frequency i s  hiaher in the West. 

present ash partings may be dis t r ibuted sparsely b u t  uniformly or 
concent.rated i n  j u s t  a few coals .  Figure 2 shows an  example in Southwestern 
Washington, in t h i s  case including both kaol in i t ic  and smectitic partings 
(Reinink-Smith, 1982). 
volcanic ash partings a r e  know!: from numerous coals in Utah, New Mexico, 
Colorado, Wyoming, Montana and Washington (Bohor, e t  a l .  1978; Triplehorn and 
Bohor, 1981). Again, t h e  frequency i s  highly variable. Individual 
coals  in Mont.ana and Colorado contain u p  t o  twenty o r  more ash par t inas ,  
while the unusually th ick  coals  of the Powder River Basin contain almost 
none. I n  Alaska, volcanic ash partinps a r e  present in a l l  of the Cretaceous 
and Tert iary coais we have examined, but. appear t o  be par t icular ly  
abundant in the CoGk In1 e t  area,  

In the Appalachian coal basin and the Eastern In te r ior  Basin, where 
we have had l e s s  experiencel a s h  partings appear t o  be rare  (Bohor and 
Triplehorn, 1982). The lack of ash partings in Carboniferous coals of 
eastern North America cont ras t s  with t h e i r  abundance in European coals 
of the same age. 
t h e i r  volcanic or igin was not generally accepted until the l a s t  f w  
decades. Bouroz,  e t  a l .  (1983) provides a good recent summary of some 
of t h i s  work in E n g i s h .  

SIGNIFICANCE 

Everi so,  there i s  

Where many coals a re  Loc?lly the abundance can be highly var iable .  

I n  the  West, where most of our work has been, 

These have been studied f o r  aver a century although 

The geologic importance of volcanic ash partings in coals has been 
summarized previously by Triplehorn (1976). 
t h e i r  use in  c o r r e l a t i o n ,  the process of determining the time relat ionships  
among rocks exposed a t  d i f f e r e n t  l o c a l i t i e s .  
marker beds, where individual ash f a l l s  can be recognized and distinquished 
from others on the basis  o f  some textural o r  compositional aspect. Beds 
containing the same a s h  layer (whether in coal o r  any other rock type) 
a re  the same age, although the absolute aqe ( i n  years)  i s  n o t  indicated. 
Happily, the absolute age can sometimes be determined by radiometric aae 
dating of cer ta in  minerals i n  the  ashes. Potassium-arqon dating i s  used 
f o r  such minerals a s  fe ldspar  and hornblende, while f iss ion-track 
datinq may be used f o r  zircon and apa t i te .  

the high rad ioac t iv i ty  of cer ta in  ash partings (he cal led them tonsteins)  
tha t  made them useful in  bore-hole s tudies  because they appeared a s  
sharp maxima on gamma-ray logs of coal beds. Such maxima are  conspicuous 
because coals are generally known f o r  t h e i r  absence of radioact ivi ty .  

Of qrea tes t  importance i s  

The simplest use i s  a s  

I t  may be o f  interest here t o  note t h a t  Williamson (1970) mentioned 
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He ascr ibed the  h igh  r a d i o a c t i v i t y  o f  these p a r t i n q s  t o  an unusual 
abundance o f  z i r cons .  We have no s p e c i f i c  knowledge o f  these occurrences, 
bu t  suggest t h a t  the  h igh  r a d i o a c t i v i t y  migh t  ins tead be r e l a t e d  t o  

I 

\ uranium-bearing phosphate minera ls .  

Thus f a r  geo log i s t s  have pa id  l i t t l e  a t t e n t i o n  t o  the  s i g n i f i c a n c e  
of ash pa r t i ngs  as i n d i c a t o r s  o f  processes and cond i t i ons  i n  the coa l -  
forminq environment. For example, t h i n  widespread p a r t i n g s  w i thou t  
pene t ra t i ng  p l a n t  ma te r ia l  suggest t h a t  these o r i g i n a t e d  as ashes t h a t  
f e l l  i n t o  shallGw standing water. Thick ashes should have a f f e c t e d  the  
k i n d  and amount o f  veqeta t ion ,  and i n d i r e c t l y  t he  na ture  o f  t he  coal  
immediately o v e r l y i n g  t h i c k  ash beds. As y e t  there  i s  l i t t l e  data i n  
these aspects because geo log is t s  have no t  recognized the  p o t e n t i a l  value 
of  such s tud ies .  

some pa r t i ngs  may be o f  vo lcan ic  o r i g i n  may be usefu l  i n  exp la in ina  the  
d i s t r i b u t i o n  o f  some o f  these l a y e r s  and the occurrences o f  some unusual 
components, such as s t ron t ium,  phosphate, o r  uranium. Volcanic ash 
p a r t i n g s  a re  l i k e l y  t o  be more widespread and un i fo rm i n  tex tu re ,  composi t ion 
and th ickness  than the  more cnmmon p a r t i n q s  o f  f l u v i a l  o r i g i n .  
a l s o  more l i k e l y  t o  show marked d i f f e r e n c e s  from l a y e r  t o  l a y e r ,  and 
more l i k e l y  t o  con ta in  e x o t i c  minera l  o r  chemical components. 

For those i n t e r e s t e d  i n  minera l  ma t te r  i n  coal  an awareness t h a t  

They are  

I 

I 
/ 
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REACTIONS AND TRANSFORMATIONS OF COAL MINERAL 
MATTER AT ELEVATED TEMPERATURES 

G. P. Huffman and F. E. Huggins 

U. S. S t e e l  Corporation Technical  Center 
Monroeville,  PA 

In t roduc t ion  

Coal con ta ins  a v a r i e t y  of i no rgan ic  c o n s t i t u e n t s  t h a t  exh ib i t  d e l e t e r i o u s  
behavior i n  most p rocesses  t h a t  attempt t o  convert  t h e  energy i n  coa l  t o  a u se fu l  
form. A s  coa l  i s  hea ted ,  t h e  inorganic  phases undergo t ransformations and reac- 
tions t h a t  y i e l d  a complex mixture  of s o l i d ,  molten, and v o l a t i l e  spec ie s .  These 
spec ie s  g ive  r i s e  t o  s l agg ing  and fou l ing  depos i t s ,  corrosion,  p o l l u t i o n ,  and o the r  
problems. Although such problems a r e  usua l ly  a s soc ia t ed  with the  combustion of 
coal  t o  produce e l e c t r i c a l  power, they a r e  a l s o  common i n  coa l  g a s i f i c a t i o n  and 
l i que fac t ion ,  cokemaking, and iron production. 

The cu r ren t  paper w i l l  b r i e f l y  review re sea rch  on t h i s  topic .  

Nature of the Inorganic  Cons t i t uen t s  of Coal 

It i s  common p r a c t i c e  to make a d i s t i n c t i o n  between t h e  inorganic  cons t i t -  
uents  of so-cal led "Eastern" and "Western" coa l s .  By d e f i n i t i o n ,  Western coa l s  a r e  
those fo r  which the  CaO+MgO conten exceeds t h e  Fe203 content  of t h e  a sh ,  while  t he  
reverse  is t r u e  fo r  Eas t e rn  coals. ' )  The inorganic  c o n s t i t u e n t s  i n  Eastern coa l s ,  
which a r e  p r i n c i p a l l y  bituminous i n  rank, a r e  predominantly i n  the  form of d i s c r e t e  
mineral  p a r t i c l e s .  Clay minerals  ( k a o l i n i t e ,  i l l i t e )  a r e  usua l ly  dominant, 
followed by qua r t z  and p y r i t e .  The range and t y p i c a l  values  of t he  mineral  d i s t r i -  
but ion and ash chemistry of Eas t e rn  coa l s  a r e  shown i n  Table I. These d a t a  were 
determined from computer-controlled scanning e l e c t r o n  microscopy (CCSEM), Mossbauer 
spectroscopy, and o t h e r  measurements on over a hundred coa l s .  

Western coa l s  a r e  usua l ly  l i g n i t e s  or subbituminous coals .  The range and 
t y p i c a l  values  of t h e  ino rgan ic  phase d i s t r i b u t i o n  and a sh  chemistry of approxi- 
mately 20 Western c o a l s  examined i n  t h i s  laboratory a r e  shown i n  Table 11. In a 
recent  paper,  w e  discussed the  d i f f e rences  begyeen t h e  inorganic  cons t i t uen t s  of 
low-rank coals and t h o s e  of bituminous coals .  These d i f f e rences  occur i n  t h e  
calcium-, i ron- ,  and a lka l i - con ta in ing  phases. I n  bituminous coa l s ,  t h e  calcium 
content  is  t y p i c a l l y  l o w  (CaO <5% of a sh )  and a l l  calcium i s  contained i n  t he  
mineral ,  c a l c i t e .  The calcium content  of l i g n i t e s  is high (CaO %lo  t o  30% of ash)  
and t h e  calcium i s  molecular ly  dispersed throughout t h e  coa l  macerals as s a l t s  of 
carboxyl ic  ac ids .  The l a t t e r  point  has been d$rgyt ly  confirmed by EXAFS (extended 
X-ray absorpt ion f i n e  s t r u c t u r e )  spectroscopy. ' Simi la r  d i f f e rences  occur f o r  
the a l k a l i  elements.  Minerals  such as i l l i t e ,  which accounts  f o r  most of the 
potassium i n  bituminous coa l ,  a r e  usua l ly  low i n  l i g n i t e  and subbituminous coa l  
( s ee  Tables I and 11) .  
S a l t s  of humic or ca rboxy l i c  ac ids .  Montmoril lonite and h a l i t e  (NaC1) a r e  t h e  
dominant Na-containing minerals ,  and they occur i n  both bituminous and lower rank 
coal .  
ferrous-bear ing c l ays  ( i l l i t e ,  c h l o r i t e ) ,  and carbonates  ( s i d e r i t e ,  anke r i t e ) .  
In l i g n i t e s ,  on ly  p y r i t e  and i t s2yea the r ing  products ( i r o n  s u l f a t e s  and oxyhy- 
droxides)  a r e  normally observed. 

I n  l i g n i t e s ,  sodium and potassium a r e  bel ieved t o  occur as 

The iron-bearing minerals in unoxidized bituminous coa l s  include py r i t e4 )  
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The d i v e r s i t y  of t ransformations and r eac t ions  t h a t  such complex assem- 
blages of inorganic  mat ter  can undergo when coa l  i s  combusted or otherwise 
converted t o  a more use fu l  form of energy is  too complex t o  be discussed i n  any 
d e t a i l  i n  a sho r t  a r t i c l e .  Our i n t e n t i o n ,  t h e r e f o r e ,  is  simply t o  o u t l i n e  some of 
t he  major phenomena and t o  provide t h e  reader  with u s e f u l  references.  Most of t h e  
a r t i c l e  w i l l  dea l  with r eac t ions  and t ransformations r e l a t e d  t o  coa l  combustion, 
with a s h o r t  s ec t ion  devoted t o  o the r  conversion processes.  

Slagging Behavior; Ash Mel t ing  

During pulver ized-coal  combustion, atmospheric condi t ions w i t h i n  the  coa l  
flame a r e  considered t o  be reducing i n  t h e  sense t h a t  t h e  s t a b l e  i o n i c  form of iron 
is ferrous.  Af t e r  a s h  p a r t i c l e s  have l e f t  t h e  flame region,  they encounter a more 
oxidizing environment, y i e ld ing  depos i t s  and f l y  a sh  i n  which t h e  iron may be pre- 
dominantly f e r r i c  o r  a mixture of f e r rous  and f e r r i c ,  dependent on t h e  air- to-fuel  
r a t i o .  Consequently, i t  is important t o  understand t h e  high temperature  r eac t ions  
of a sh  cons t i t uen t s  both types of environment. This  point  is recognized i n  t h e  
ASTM ash-fusion tes t"  which s p e c i f i e s  measurement of t h e  fusion temperatures of 
ash cones i n  both a reducing (60% CO, 40% COz) and an ox id iz ing  ( a i r )  atmosphere. 
Numerous empir ical  formulae have been developed t o  p red ic t  ash-fusion temperatures  
(AFTs) and the  v i s c o s i t i e s  of molten coal-ash s l a g s  a t  higher  temperatures from ash 
composition. Detai led d i scuss ions  of t hese  f y g y j g e  and t h e i r  physical  hagjs  have 
been given by Winegartner and h i e  s s o c i a t e s ,  by Watt and Fereday, ' and i n  
a recent review a r t i c l e  by Reid. O7 The dominant parameter i n  t hese  r e l a t i o n s h i p s  
i s  usua l ly  t h e  base-to-acid r a t i o ,  where "base" and "acid" a r e  simply t h e  sums of  
the weight percentages of t h e  bas i c  and a c i d i c  oxides:  

Rase = Fe 0 + CaO + K 2 0  + Na20 + MgO (1) 

(2) 

2 3  

Acid = Si02 + A1203 + T i 0 2  

Recently,  we  examined t& behavior of a sh  fus ion  temperatures  i n  t h e  con- 
t e x t  of t e rna ry  phase diagrams. 
t he  dependence of AFTs on chemical composition and t h e  l i qu idus  curves i n  appro- 
p r i a t e  regions of t h e  Fe0-Si02-A1203, Ca0-Si02-A1203, and K20-Si02-A1203 phase dia-  
grams. The development of t h e  Base-Si0 -A1 O3 phase diagrams f o r  t h e  p red ic t ion  of 
ash behavior appears t o  be a f r u i t f u l  asea ?or f u t u r e  research.  An example of such 
a phase diagram is shown i n  Figure 1 where ash-softening temperatures  (ST. reduc- 
ing)  a r e  p l o t t e d  i n  what is e f f e c t i v e l y  the  "mull i te"  region of a Base-Si02-A1203 
phase diagram. 
curves i n  t r u e  t e rna ry  diagrams. 

) Sign i f i can t  similari t ies were observed between 

The curves of eqt& ST e x h i b i t  g r e a t  s i m i l a r i t y  t o  t h e  l i qu idus  

The arrow i n  Figure 1 i l l u s t r a t e s  t h e  use of t h e  phase diagram t o  p red ic t  
STs. I n  t h i s  i n s t ance ,  a bituminous coa l  with a low ST was blended with two other  
coa l s  t o  y i e ld  a product with a much higher  ST. The blend was chosen with t h e  aim 
of moving t h e  composition of ash i n  a d i r e c t i o n  approximately normal t o  t h e  equal  
ST curves.  The predicted and observed STs of t h e  o r i g i n a l  coa l  and t h e  blend a r e  
shown i n  t h e  in se t  of Figure 1. The p red ic t ed  values  s r e  probably not as  accu ra t e  
as could be obtained with e x i s t i n g  empir ical  formulae,  bu t  they a r e  neve r the l e s s  
q u i t e  reasonable.  

Ternary and more complex phase diagrams can a l s o  con t r ibu te  t o  in t e rp re t a -  
t i o n  of t he  r eac t ions  t h a t  l ead  t o  ash melting. I n  a reducing environment 
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(60%CO-40%CO2), the important r ea f5 iyy j  f o r  Eastern coa l s  occur pr imar i ly  wi th in  
the  Fe0-Si02-A1 0 phase diagram. ’ Using a v a r i e t y  of techniques [Mossbauer 
spectroscopy, computer-controlled scanning e l ec t ron  microscopy (CCSEM), X-ray d i f -  
f r ac t ion  (XRD)] t o  i n v e s t i g a t e  quenched ash samples hea t  t r e a t e d  under condi t ions  
s imi l a r  t o  the  ASTM ash-fusion test, it was e s t ab l i shed  t h a t  most Eas te rn  coa l  
ashes exh ib i t  behavior similar t o  t h a t  shown i n  the schematic diagram of F igure  2. 
Here, phases t h a t  a r e  molten a t  e l eva ted  temperatures appear as g l a s s  phases in the  
quenched specimens. The potassium-containing c l ay  minera l ,  i l l i t e ,  appears t o  be 
the  f i r s t  phase converted t o  a p a r t i a l l y  molten form; presumably t h i s  is because ~5 
t he  numerous low-temperature e u t e c t i c  po in t s  i n  the K 0-Si0 -A1 0 phase diagram. 
A t  approximately 900°C, wus t i t e ,  derived from p y r i t e  and o t t e r  Zran-rich minerals,  
begins t o  r e a c t  with qua r t z  and a luminos i l i ca t e s  derived from c l a y  minera ls  t o  pro- 
duce a mixture of w u s t i t e ,  f a y a l i t e  (Fe Si0 ), and fe r rous-conta in ing  m e l t  phase. 
A t  somewhat h igher  tempera tures  (%105Ooi?), Paya l i t e  has been l a rge ly  incorporated 
in to  the  m e l t  phase, and f e r rous  iron may r e a c t  wi th  a luminos i l i ca t e s  t o  form her- 
cyn i t e  (FeA1 0 ). This reac t ion  r e t a r d s  melting somewhat and its importance i s  re- 
l a t ed  t o  the2A? O3 con ten t  of t he  ash. Essen t i a l ly  a l l  of t h e  iron i s  contained in 
the  melt phase tor samples quenched from above 1200°C, as shown in Figure  3. Above 
1200°C, reducing, most Eas te rn  ashes (%Base <30X) a r e  a mixture of  molten alumino- 
s i l i c a t e s .  m u l l i t e ,  q u a r t z ,  and minor cons t i t uen t s  such a s  iron s u l f i d e ,  which is 
a l so  molten, but is immiscible with t h e  viscous s i l i c a t e  melt. 

2 3  

) 
2 

Simi la r ,  but l e s s  ex tens ive  experiments12qve a l s o  been performed on ash 
Below approximately 1200°C, samples quenched from h igh  temperatures in a i r .  

e s s e n t i a l l y  a l l  of t h e  g l a s s  observed i n  the  samples is derived from the  potassium- 
bearing c lay  mineral i l l i t e .  Melting acce le ra t e s  above approximately 130OOC and 
approaches completion f o r  most Eas te rn  ashes a t  temperatures of the  o r d e r  of 1500’C. 
In an oxid iz ing  environment, calcium appears t o  be a more e f f e c t i v e  f l u x  than f e r r i c  
iron. 

In both reducing and oxid iz ing  atmospheres, s i g n i f i c a n t  p a r t i a l  melting of 
ash occurs a t  t empera tures  w e l l  below t h e  i n i t i a l  deformation temperature (IDT). 
It is not uncommon t o  observe up t o  50 percent of t h e  ash  in t he  form of g l a s s  a t  
quenching temperatures a s  low as 200 t o  40OoC below t h e  IDT. Such p a r t i a l  melting 
i s  important in depos i t  formation. Not su rp r i s ing ly ,  t h e  amount of g l a s s  observed 
a t  a given temperature inlg:lgfidizing atmosphere is s i g n i f i c a n t l y  less than tha t  
in a reducing atmosphere. 

Fouling; V o l a t i l e  Spec ies  

Fouling gene ra l ly  r e f e r s  t o  t h e  formation of depos i t s  on convective heat-  
t r a n s f e r  su r f aces  a t  r e l a t i v e l y  low temperatures (600 t o  1000°C). en t  d i s -  
cussions of t h i s  problem have recenfay  been given by Wibberly and W%e33 and in 
t he  genera l  review a r t i c l e  by Reid. Alka l i  elements (Na, K) a r e  t h e  p r inc ipa l  
c u l p r i t s  in t h e  formation of such depos i t s .  Within t h e  flame, t hese  elements be- 
come v o l a t i l i z e d .  The ease  of v o l a t i l i z a t i o n  is r e l a t e d  t o  the  form in which the 
a l k a l i e s  a re  present in t h e  coa l .  
be e a s i l y  v o l a t i l i z e d  a t  t y p i c a l  flame temperatures (1400-15OO0C), a s  would NaC1, 
the  most common form of  sodium in bituminous coa l .  Potassium conta ined  in i l l i t e  
would not be expected t o  v o l a t i l i z e  a s  r ead i ly ;  i l l i t e  should r ap id ly  convert  t o  a 
molten s l a g  these  temperatures.  For t h i s  reason, t h e  water-soluble a l k a l i  con- 
t e n t  of coala5 i s  considered t o  be a more r e l i a b l e  i n d i c a t o r  of f o u l  than the  
t o t a l  a l k a l i  conten t ,  at l e a s t  f o r  Eas te rn  coa ls .  Wibberly and Wallf” l i s t  Na. 
NaOH, and NaCl a s  l i k e l y  gaseous spec ie s ,  dependent on ch lo r ine  conten t  of 
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t he  coa l ,  flame temperature,  and oxygen po ten t i a l .  Nonchloride spec ie s  a r e  
probably rap id ly  converted t o  oxides (Na20, K20) on leaving  the  flame f r o n t .  
v o l a t i l e  a l k a l i e s  may condense on t h e  su r faces  of f l y - a s h l q r t i c l e s  c a r r i e d  by the  
f l u e  gas or on cooler  b o i l e r  sur faces .  performed drop-tube 
experiments i n  which s i l i c a  p a r t i c l e s  were exposed t o  syn the t i c  combustion gases 
conta in ing  sodium a t  temperatures of 1200 t o  1600OC. Sodium s i l i c a t e  l a y e r s  rang- 
ing  i n  thickness from 0.03 t o  0.3 pm were observed on the  p a r t i c l e  s u r f a c e s ,  and 
s in t e red  depos i t s  formed r ap id ly  on s t a i n l e s s  s t e e l  probes in se r t ed  i n t o  t h e  lower 
pa r t  of the  furnace.  Such a l k a l i - s i l i c a t e  l aye r s  a r e  molten a t  t he  temperatures o f  
i n t e r e s t .  The th ickness  of the  sodium s i l i c a t e  l aye r s  was decreased by a f a c t o r  of 
t h ree  when the  sodium was introduced in the  form of NaC1, r a the r  than in chlor ine-  
f r e e  forms. 

The 

Wibberly and Wall 

10) An exce l l en t  review of t he  r o l e  of a l k a l i  s u l f a t e s  is  given by Reid. 
Below 11OO"C, a l k a l i  oxides and ch lo r ides  r eac t  r ap id ly  with SO2 and O2 or SO 
form condensed s u l f a t e s  on fly-ash p a r t i c l e s  and metal sur faces .  
low melting po in t s ,  a l k a l i  s u l f a t e s  a r e  very cor ros ive ,  and form s t rong ly  bonded 
depos i t s .  
a r e  882'C and 1O7S0C, r e spec t ive ly ,  and the  minimum melting point of Na SO -K $0 
mixtures is  833°C. K2S04-CaS0 and Na S O  -CaS04 a r e  a l s o  commonly obsezvei 1 ~ 2 x 1 ~  
t u r e s ,  which exh ib i t  mel t ing  po in t s  in the  range from 870 t o  97OoC. 
content of the  atmosphere is s u f f i c i e n t l y  high, t h e  py rosu l f a t e s ,  K2S207 and 
Na2Se07, may be formed from K SO and Na SO 
pera ures :  400'C f o r  Na2S207 &1d~300~C f z r  ft;S20,. Crossley 
rap id  metal wastage is caused by the  r eac t ion  of t h e  pyrosul fa tes  wi th  Fe 0 
form lowlne l t ing  poin t  (<6OO0C) a lka l i - i ron  t r i s u l f a t e s :  

t o  
Because of ? h e i r  

The mel t ing  po in t s  of t h e  most e a s i l y  formed s u l f a t e s ,  Na2S04 and K S O 4 ,  

4 2 4  I f  t he  SO3 

These phases yg)t a t  very low tem- 
has  suggested t h a t  

2 3 to  

I 

t 
I 

17)  where M = Na or  K. This point of view i s  supported by the  work of Coats e t  a l .  
which e s t ab l i shed  t h a t  l i q u i d  mel t s  containing up t o  90 percent py rosu l f a t e  can be 
formed from Na SO -K SO 
t u r e s  down t o  3356C.2 S ich  SO leve ls16fn  be r ead i ly  reached v i a  c a t a l y t i c  oxida- 
t i o n  of SO2 i n  t he  presence 02 Fe203. 

CCSEM ana lyses  of fou l ing  depos i t s  from a b o i l e r  furnace i n  which a North 
Dakota l i g n i t e  had been f i r e d  a r e  given i n  Table 111. Although the  depos i t s  con- 
s i s t e d  p r inc ipa l ly  of calcium-enriched a luminos i l i ca t e s ,  they a l s o  contained smal l  
bu t  s i g n i f i c a n t  amounts of a l k a l i  s u l f a t e s ,  intermixed with calcium s u l f a t e .  Re- 
cen t ly ,  we conducted potassium K-edge X-ray absorp t ion  spectroscopy (US) measure- 
ments on one of t hese  samples a t  t h e  Stanford Synchrotron Radiation Laboratory. 
The X-ray absorp t ion  near-edge s t r u c t u r e ,  or XANES, shown i n  Figure 4 ,  i s  near ly  
i d e n t i c a l  t o  t h a t  of a K S 0 s tandard  sample. It appears t h a t  XAS w i l l  be a very 
usefu l  method of i n v e s t i i a z i i g  t h e  s t r u c t u r e  of i nd iv idua l  elements i n  complex 
depos i t s .  

mixtures i n  SO3 pressures  of 100 t o  300 ppm a t  tempera- 

Reactions and Transformations of I n t e r e s t  f o r  Other 
Coal Conversion Processes 

In t h i s  s e c t i o n ,  examples of the  high-temperature behavior of inorganic  
phases i n  o the r  conversion processes w i l l  be given. 

Liquefac t ion  - Montano e t  a l .  have inves t iga t ed  the  t ransformat ion  of p y r i t e  t o  
py r rho t i t e  i n  coa l  l i que fac t ion  environments. They conducted i n  s i t u  Mossbauer 
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spectroscopy measurements on coa ls  maintained a t  1.24 MPa n i t rogen  pressure  and ob- 
served changes i n  t he  isomer s h i f t  a t  approximately 300°C t h a t  s igna l l ed  the  begin- 
n ing  of the  t ransformat ion  of p y r i t e  t o  py r rho t i t e .  The t ransformat ion  acce lera ted  
between 300 and 400'12, and from 20 t o  80 percent of t h e  p y r i t e  i n  four  d i f f e r e n t  
coa ls  was transformed a f t e r  one hour a t  440OC. From c lose  examination of both the  
in s i t u  spec t r a  and t h e  s p e c t r a  of cooled r e s idues ,  they concluded tha t  t he  pyrrho- 
t i t e  underwent covalent bonding t o  the  coa l  molecules, causing a c a t a l y t i c  e f f e c t  
on coal l i que fac t ion .  

Carbonization -When coa l  is heated t o  temperatures %YO0 t o  1200°C i n  t he  absence 
of a i r ,  most of t h e  v o l a t i l e  mat te r  is dr iven  o f f ,  l eav ing  a char,  o r ,  i n  t he  case 
of me ta l lu rg ica l  bituminous c o a l ,  a coke. The atmosphere i n  a coke oven cons i s t s  
p r inc ipa l ly  of hydrogen and methane. s reduced t o  a mixture 
of i ron  s u l f i d e  ( t r o i l i t e  and py r rho t i t e )  and i r o n  metal. The amount of i ron  
metal formed depends on both the temperature and the  composition of the  coke-oven 
gas.  The reduct ion  of i r o n  s u l f i d e  t o  i ron  metal i s  des i r ab le  s i n c e  b l a s t  furnace 
opera t ion  is more e f f i c i e n t  with low s u l f u r  coke. C a l c i t e  r eac t s  with t h e  
l i b e r a t e d  s u l f u r  t o  form calcium s u l f a t e ,  thus  r e t a i n i n g  s u l f u r  i n  the  coke. I n  
Figure 5, t h e  calcium XANES spectrum of a coke produced from a P i t t sbu rgh  seam coal 
i n  which a l l  calcium was i n i t i a l l y  present as c a l c i t e  is  shown. The spectrum 
es t ab l i shes  t h a t  approximately 70 percent of the  c a l c i t e  was converted t o  calcium 
s u l f a t e  during coking. 

Consequently, p y r i t f  

Gas i f i ca t ion  

I r o n  e x h i b i t s  a g r e a t  d i v e r s i t y  of r eac t ions  a t  e leva ted  temperatures when 
t h e  r eac t ion  environment encompasses both reducing and oxidizing condi t ions  a t  d i f -  
f e r e n t  s t a g e s  of t h e  process .  For example, it is not unusual t o  observe f i v e  a r  
s i x  d i f f e r e n t  i ron-bear ing  compounds i n  t h r e e  d i f f e r e n t  ox ida t ion  s t a t e s  i n  char 
and ash samples obtained from coa l -gas i f i ca t ion  systems. I n  Figure 6,  t h e  
Mossbauer spectrum of a char  res idue  from a bench-scale g a s i f i c a t i o n  system a t  t he  
I n s t i t u t e  of Cas Technology i s  shown. The input atmosphere t o  t h e  g a s i f i e r  was 
approximately 5.2% 0 , 21.2% H 0, and the remainder N2, and the  average temperature 
was 1800'F. A s  i nd iza t ed  i n  Fzgure 6 ,  s i x  iron-bearing phases exh ib i t i ng  th ree  
d i f f e r e n t  ox ida t ion  s t a t e s  a r e  observed: i ron  metal ,  iFon s u l f i d e  ( p r i n c i p a l l y  
FeS), f a y a l i t e  (Fe2Si04),  magnetite (Fe 0 ), hematite (Fe 0 ), g l a s s ,  w u s t i t e ,  and 
poss ib ly  o ther  minor gbgses. A more de?a$led d iscuss ion  %f3 th i s  work has been 
given by Mason e t  a l .  

Conclusions 

Even from t h i s  b r i e f  overview, i t  is c l e a r  t h a t  much remains t o  be done i n  
t h e  a rea  of understanding mineral-matter behavior i n  coa l  combustion and o the r  con- 
vers ion  technologies  and even more i n  combating t h e  s t i c k y  problems a r i s i n g  from 
t h i s  component i n  coa l .  I n  p a r t i c u l a r ,  w e  f e e l  t h e r e  is  a grea t  need f o r  much more 
d e t a i l e d  inves t iga t ions  of fu l l - s ca l e  technologica l  processes ,  e spec ia l ly  now tha t  
a number of r e l a t i v e l y  new and soph i s t i ca t ed  techniques a r e  a v a i l a b l e  t h a t  can be 
used to  cha rac t e r i ze  mineral-matter r e l a t e d  phenomena i n  ways t h a t  were not possi-  
b l e  a few years  ago. Such techniques inc lude  Mossbauer and EXAFS spec t roscopies ,  
which we have h igh l igh ted  i n  t h i s  a r t i c l e ,  t ha t  have the  a b i l i t y  t o  focus on speci-  
f i c  c r i t i c a l  elements (Fe,  K ,  S, e t c . ) ,  and revea l  very d e t a i l e d  informat ion  about 
t h e  behavior of t h a t  element.  However, t h e  observed phenomena i n  f u l l - s c a l e  pro- 
cesses  wi l l l g j so  need t o  be i n t e r p r e t e d  i n  terms of both k ine t i f l{e .g . ,  drop-tube 
experiments ) and thermodynamic (e.g., phase diagram ana lys i s  ) approaches,  a s  
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well as to take into account the form of the mineral matter and its distribution in 
the original coal. These areas, we feel, should be important areas for research on 
mineral-matter related problems in the immediate future. 
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Table 1 

Inorganic Constituents of Eastern Coals 

i 
Mineral Distribution 

Mineral Range Typical 
Quartz 
Kaol i n i te 
Illite 
Chlorite 
Mixed Silicates 
Pyrite 
Calcite 
Siderite/Ankerite 
Other Minerals 

5-44 
9-60 
2-29 
0-15 
5-31 
1-27 
0-14 
0-11 
0-12 

18 
32 
14 
2 
17 
8 
3 
2 
4 

Typical Ash Chemistry 
Species Weight % 

Si02 54 

Fe203 8 

K2° 
Na 2O 1 
Ti02 1 

29 2'3 

CaO 2 
MgO 1 

2 

0.2 
2 

'2'5 

Table I1 

Inorganic Constituents of Western Coals 

Mineral Distribution 
Mineral Range 

Quartz 7-22 
Kaolinite 13-45 
Illite 0-12 
Mixed Silicates 0-22 
Pyrite 1-26 
Fe Sulfates 0-5 
Fe-rich* 0-14 
Ca-rich** 7-49 
Other minerals*** 1-10 

Typical 
15 
30 
2 
8 
7 
1 
2 

25 
7 

Species Weight % 

Si02 

A1203 
Fe203 
CaO 

Mg 0 

2O 
NaO 
Ti02 

'2'5 
s03 

30 
15 
10 
20 
8 
0.7 
0.6 
0.7 
0.4 
15 

*Principally iron oxyhydroxide. 
**principally calcium bonded to carvoxyl groups in the macerals. 

***Barite, apatite, montmorillonite, and others. 

U. S. STEEL CORPORATION, TECHNICAL CENTER, MONROEVILLE, PA 
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Table I11 

CCSEM Analyses of Fouling Deposits 

CCSEM Category 

Ca-rich aluminosilicate* 

Ca- and Fe-rich aluminosilicate** 

A1 kal i sulfate* * * 
Calcium sulfate + alkali sulfate 

Si02 

Ca-rich 

Hematite 

Ca-Fe ferrite 

Ca-Mg sulfate 

Al-Si rich 

Unidentified, mixed phases 

Sec. Superheater, 
990-1050OC 

55 

7 

2 

4 

3 

10 

2 

Prehea ter 
75OoC 

63 

6 

2 

6 

2 

6 

1 

1 

2 

2 

5 

*Approximate average composition (mole % )  determined from CCSEM 
energy dispersive X-ray fluorescence spectra was 37% Car 8 %  Mg, 
4 %  Fer 41% Si, 10% Al. 

**Average composition - 31% Ca, 7% Mg, 21% Fe, 32% Si, 9% A I .  

***Average composition - Na33Ca16K3S48. 

U. S .  STEEL CORPORATION, TECHNICAL CENTER, MONROEVILLE, PA 
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ST, "C ~l~~~ 80% SiOp 
Predicted Observed 1100°C 20% A1203 

0% Base Coal A 

Blend 40% A 
'(1175 1218 80% 

1377 50% 

30% Si02 

50% Base -I% BASE 0% Base 
20% A1203 40 30 20 10 70% AI203 

F igu re  1 Pseudoternary phase diagram (Base - AI203 - Si02)  showing 
s p h e r i c a l  temperature (ST) contours.  See t e x t  for d i s c u s s i o n  
o f  p o i n t s  connected by arrow.  
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To, .c 

F igu re  2 Schematic diagram i l l u s t r a t i n g  h igh- temperature r e a c t i o n s  fo r  
m ine ra l s  i n  an Eastern- type coa l  under reducing c o n d i t i o n s .  
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F igu re  3 MGssbauer spectrum o f  Somerset C ash quenched f rom 1260°C under 
reducing c o n d i t i o n s .  Asborpt ion de r i ves  e n t i r e l y  from Fez+ i n  glass. 
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F i g u r e  4 XANES f o r  potass ium ( K  edge) i n  t h e  f o u l i n g  depos i t  r e s u l t i n g  from 
l i g n i t e  combustion. 
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F igu re  5 XANES f o r  ca l c ium (K edge) i n  coke made from h i g h - s u l f u r  coa l  f rom 
P i t t s b u r g h  seam. 
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hemat i t e  ( H ) ,  magnet i te  (M), i r o n  metal (Fe), i r o n  s u l f i d e s  (FeS), 
fayal i t e  (Fay), g lass  f w u s t i t e  ( G l ) ,  and an unknown phase (?) .  

F i g u r e  6 Fe Mossbauer spec t ra  o f  g a s i f i c a t i o n  char  res idue  showing peaks from 
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